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ABSTRACT 
Measurements of thermal properties and water contents of soil are important for predicting 
the water and energy balance in terrestrial ecosystems and for many agricultural, environmental, 
geophysical, and engineering applications. The heat pulse probe method including the single-
probe heat pulse (SPHP) and the dual-probe heat pulse (DPHP) is the only approach that can 
appropriately measure soil thermal properties in situ. Currently, the SPHP can only be used to 
measure soil thermal conductivity (λ), but the DPHP can measure λ, thermal diffusivity (α), 
volumetric heat capacity (C), and θ simultaneously. However, little is known about the 
performance of the DPHP in a saturated suspension medium; for example, the oil sands mature 
fine tailing (MFT). To the best of my knowledge, no report is available on the determination of θ 
using the SPHP. In addition, accurate thermal contact conductivity (H) values between the probe 
and soil are currently unknown, but is a prerequisite for accurately determining soil thermal 
properties and θ by the SPHP. 
This dissertation sought to improve the heat pulse probe method by applying the DPHP in 
measuring the bulk density (ρb) of MFT, and developing the SPHP for θ estimation. Three studies 
were conducted: 1) to evaluate the feasibility of determining the solid percentage of MFT using 
the DPHP; 2) to compare θ estimations from the relationships between θ and λ, normalized 
cumulative temperature increase (TNcum), and normalized maximum temperature increase (TNmax) 
using the SPHP; and 3) to obtain the H values experimentally and evaluate the performance of θ 
estimation by the H(θ) relationships using the SPHP. 
This dissertation demonstrates that the DPHP can be used to accurately measure the solid 
percentage of MFT, and the accuracy can be improved by independent measurement of soil 
specific heat of solids (cs). It also shows that a combination of the λ(θ), TNcum(θ), and TNmax(θ) 
iv 
methods facilitates θ determination using the SPHP. Probe independence is the advantage of the 
λ(θ) method; however, the TNcum(θ) and TNmax(θ) methods are especially useful when a faster and 
more frequent measurement is required. The SPHP measured H(θ) relationships can be used to 
estimate θ accurately for different textured soils except for coarse sand. More studies should be 
conducted to build the pedotransfer functions between soil physical properties and the λ(θ), 
TNcum(θ), TNmax(θ), and H(θ) relationships.  
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1 
1 INTRODUCTION 
1.1 General Introduction 
The thermal properties of soil, including thermal conductivity (λ, W m-1 K-1), thermal 
diffusivity (α, m2 s-1), and volumetric heat capacity (C, J m-3 K-1), are important in agricultural, 
environmental, hydrological and engineering science. Soil thermal properties control the transport 
and storage of energy in the soil, the energy balance of the earth’s surface, and the temperature 
regimes of the top soil layer and lower atmospheric layers (de Vries and Peck, 1958a), and also 
affect the water flux, evaporation, plant growth, chemical reactions, and microbiological activities 
in the soil. 
Another important property of soil, the soil water content (θ, m3 m-3), is fundamentally 
important for a wide variety of agricultural, engineering, and hydrological applications and plays 
important roles in the hydrological cycle and plant growth. An accurate and reliable technique to 
determine θ is needed for precision irrigation management and hydrological modelling (Dias et 
al., 2013). 
Traditionally, soil thermal properties and θ are studied and measured individually; however, 
these two properties are interrelated in the field. For example, when soil θ is high, the C value will 
also be high. Therefore, temperature increases will be smaller and slower for wetter than for drier 
soils under the same conditions of incoming solar radiation (Fig. 1.1). Conversely, soil thermal 
properties affect temperature changes in the soil profile, and thus the movement and storage of 
water in the soil. Therefore, it is important to develop a single instrument that can measure both 
soil thermal properties and θ at the same time, location, and scale, in order to provide accurate and 
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reliable data for studies which include coupled heat and water transport and balance (Bristow, 
1998; Ren et al., 1999). It is also important to understand the covariance amongst the driving 
variables and its impact on estimation of λ and θ. In addition, both the temporal and spatial 
covariance should be studied because the long term and spatially distributed simultaneous soil 
thermal properties and θ measurements are of value. 
 
Fig. 1.1. Temperature increases of the same soil at different water contents, when receiving the same 
amount of solar radiation. 
Despite the great importance of soil thermal properties and θ to soil heat and water budgets, 
the measurements of these properties are challenging. There are several methods that can measure 
soil thermal properties and θ, individually; however, to obtain both soil thermal properties and θ 
simultaneously, the heat pulse probe method is the only available option. A large scale application 
of the heat pulse probe method is called the active heated fibre optic-distributed temperature 
sensing (AHFO-DTS) (Sayde et al., 2010), which can measure soil thermal properties and θ 
simultaneously up to the scale of kilometres rather than merely at a point. The heat pulse probe 
method includes the single-probe heat pulse (SPHP) and the dual-probe heat pulse (DPHP). 
Dry Wet 
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Currently, the SPHP can only measure λ (de Vries and Peck, 1958b), but the DPHP can measure 
all three soil thermal properties and θ simultaneously (Bristow et al., 1994b; Bristow, 1998).  
Although the DPHP has been applied to measurements on soil and rock, there are no reports 
on the performance of the DPHP in a saturated suspension media, such as soils at the bottoms of 
the bogs, rivers, and lakes, or oil sand tailings. Canada has the largest oil sands reserves in the 
world (Rowland et al., 2009; Penner and Foght, 2010). The extraction of bitumen from the mined 
oil sands generates a large volume of mature fine tailings (MFT), which is a saturated medium 
comprised of approximately 70 % water and 30 % solids. Without any further intervention, MFT 
could take up to one hundred years to consolidate sufficiently to act as a weight bearing soil for 
reclamation purposes (Chalaturnyk et al., 2002; Farkish and Fall, 2013). The industry is utilizing 
a wide variety of methods in an attempt to accelerate the consolidation process (Redfield et al., 
2003; Farkish and Fall, 2013), and the characterization of the spatial and temporal distribution in 
bulk density (ρb, kg m-3)  (or solid percentage) of large volumes of  MFT is critical to the 
management of these deposits (Dobchuk et al., 2013). Therefore, a nonradioactive, continuous, 
and automated measurement of MFT’s ρb (or saturated water content, or solid percentage) is 
needed to monitor the MFT solidification process, and the DPHP has the potential to be the best 
choice compared to other methods. 
However, the DPHP has several limitations when it is used in field soils. First, it tends to 
overestimate C and θ (Heitman et al., 2003; Ochsner et al., 2003; Liu et al., 2012). Second, the 
probe needles are easily bent because of their small diameter when the probe is used in the field 
soils, and thus the distance between two probes changes. It has been proven that small needle 
deflections can cause significant measurement errors for the DPHP (Liu et al., 2008a). Last, the 
lengths of the dual probes are usually shorter than 3 cm, because the heterogeneity of the field 
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soils, choice of the representative location to install the probe is important. If the soil around the 
probe has rocks or cracks, reliable measurement cannot be obtained. 
The SPHP has several advantages over the DPHP: First, the single probe’s needle is more 
robust and suited to field settings due to its larger diameter and thicker wall (Liu and Si, 2011a). 
Second, the single probe only has one needle and there is no issue about needle deflection (Fig. 
1.2). The measurement error is barely affected even the probe is bent. Third, the single probe has 
a larger zone of influence as a result of its longer needle length. Therefore, it is important to 
develop the SPHP in order to overcome the limitations of the DPHP for the field soil measurement. 
 
Fig. 1.2. Schematic of the typical sizes of the heat pulse dual probe and single probe (not to scale). 
The needle deflection can introduce large errors in the dual probe measurement, but not in the single 
probe measurement. 
In recent years, the AHFO-DTS system has been used for in situ monitoring of soil thermal 
properties and θ (Sayde et al., 2010; Ciocca et al., 2012; Striegl and Loheide, 2012). With the 
r 
3 cm 
10 cm 
<3 mm 
Single probe Dual probe 
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AHFO-DTS method, θ can be inferred from the λ~θ relationship (Ciocca et al., 2012), the 
maximum temperature increase (Tmax, K)~θ relationship (Striegl and Loheide, 2012), or the 
cumulative temperature increase (Tcum, K s)~θ relationship (Sayde et al., 2010). However, reported 
studies using the AHFO-DTS technique focused only on in situ θ monitoring and did not test the 
performance on multiple soil textures, nor compare the three methods (i.e., λ(θ), Tcum(θ), and 
Tmax(θ) methods). 
The above three methods for θ determination should all be applicable to the SPHP, since the 
AHFO-DTS system is based on the SPHP. In order to thoroughly compare the λ(θ), Tcum(θ), and 
Tmax(θ) methods, it may be more desirable to use the SPHP than to use the AHFO-DTS. The reason 
is that the stainless steel needle (high λ) of the single probe is in direct contact with soil particles, 
whereas a fibre optic cable has several protective layers surrounding the fibre optic cable, which 
may increase contact resistance between the heater, temperature sensor and soil. Therefore, 
conventional heat pulse probes have better contact with soil than the fibre optic cables in terms of 
heat conduction (Liu and Si, 2011a; Ciocca et al., 2012), and can obtain more frequent temperature 
readings during the early time, which is very important for determining the thermal contact 
conductivity (H, W m-2 K-1) and α from the Blackwell (1954) small-time (hereinafter referred to 
as short-time) solution. 
As previously mentioned, the SPHP has been applied in soil to measure λ; however, not for 
α, C, or θ. This is due to the unknown H at the boundary between the probe body and soil particles. 
Thermal contact conductivity of soil is the reciprocal of thermal contact resistance, which is a heat 
transport prohibiting effect due to the limited actual contact areas between the soil particles and 
the probe. The λ(θ), Tcum(θ), and Tmax(θ) methods can be tested on AHFO-DTS to estimate θ; 
however, these relationships are soil texture and ρb dependent. 
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In order to obtain all three soil thermal properties from the SPHP without any soil-specific 
calibration, Blackwell (1954) devised simple approximations for both short-time and large-time 
(hereinafter referred to as long-term) periods. The long-time solution is used to determine λ, and 
the short-time solution is used to determine H, and thus α. However, the short-time solution 
requires nonlinear fitting of the data during the first several seconds, so its application was limited 
in the 1950s by the lack of high frequency temperature measurement equipment. Benefiting from 
the development of high frequency dataloggers, Waite et al (2006) measured α of methane hydrate 
from H obtained using the short-time solution, but the results showed large uncertainty in 
estimating H. Liu and Si (2011a) measured H of four dry sands using the short-time solution; 
however, the choice of the time range could be an issue when it is used for the wet soils. Without 
accurate H values between the probe and soil (de Vries and Peck, 1958a; Hadas, 1974), it is  
difficult to accurately estimate the α of wet soil using the SPHP. To date, little is known about the 
H values between the heat pulse single probe and soil (Liu and Si, 2011a). A better understanding 
of H may improve the SPHP for determining soil thermal properties and θ simultaneously, which 
also helps improve the heat pulse probe based AHFO-DTS.  
The overall goal of this research is to develop both the DPHP and SPHP using laboratory soil 
column experiments, and this goal is addressed by three objectives: 1) to evaluate the feasibility 
of applying the DPHP to the measurement of the solid percentage of oil sands MFT; 2) to compare 
the λ(θ), Tcum(θ), and Tmax(θ) methods for θ estimation using the SPHP; and 3) to obtain H 
experimentally and investigate the potential for θ determination by the H(θ) relationship using the 
SPHP. 
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1.2 Organization of the Dissertation 
This dissertation is written in the style of a collection of manuscripts for submission to peer 
reviewed journals. Following this INTRODUCTION and a LITERATURE REVIEW (Chapter 2), 
the research presented in this dissertation is a compilation of three research chapters (Chapters 3-
5). Each research chapter begins with a preface that describes how the chapter relates to the 
dissertation as a whole and includes a brief summary of the research (i.e., abstract), a brief 
introduction that includes a review of the relevant literature, a detailed materials and methods 
section, a summary and discussion of the results and a conclusion. The three main research 
chapters address the following objectives: 
Chapter 3: To validate the feasibility of the DPHP for measuring solid percentage of oil sands 
MFT. Soil solid percentages of three MFT samples at a total of 12 bulk densities were measured, 
and the relationship between the DPHP measured and oven-dried solid percentages of MFT was 
built. The accuracy of this method was further validated by testing on additional six MFT samples, 
Chapter 4: To compare the λ(θ), Tcum(θ), and Tmax(θ) methods to determine θ using the SPHP. 
The precision of θ obtained from the λ(θ), Tcum(θ), and Tmax(θ) methods were compared by error 
analysis. The effects of heating duration on the θ determination errors of the three methods were 
discussed. Two additional probes with the same materials and sizes as the initial probe were used 
to examine the effects of the probe itself on λ, Tcum, and Tmax as well as to evaluate the accuracy 
of θ determined using the SPHP, 
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Chapter 5: To test the potential of θ determination from the H(θ) relationships using the SPHP. 
The H values of four soils at various θ were obtained, the effects of soil physical properties on the 
H values and H(θ) relationships were discussed and θ were estimated from the H(θ) relationships. 
Chapters 3-5 are followed by a SYNTHESIS AND CONCLUSIONS (Chapter 6) that 
connects the individual manuscripts, summarizes the major findings and implications of the 
research, and highlights the combined contributions of the individual studies. This chapter 
includes a Summary of Findings section together with Future Research Directions. Literature cited 
throughout the dissertation are attached in the REFERENCES section (Chapter 7). A guide to 
fabricate the heat pulse probes, the wiring diagrams and photos of the measurement setup, and the 
main programs for the datalogger and calculations are attached in the APPENDICES section at 
the end of this dissertation. 
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2 LITERATURE REVIEW 
2.1 Soil Thermal Properties 
Soil temperature is one of the most important controlling factors for the behaviour of soil and 
affects the physical, biological, and chemical processes occurring in the soil as well as vegetation 
growing on it (Brady and Weil, 2008). Most plants have a narrow range of soil temperatures for 
optimal growth (Alexander, 2014), and are more sensitive to soil temperature than air temperature. 
Seed germinations require specific soil temperatures, and root functions such as nutrient and water 
uptake will be restricted if the soil temperature falls below its optimum range (Brady and Weil, 
2008; Huang et al., 2012). Soil microbial processes and organic matter decomposition are also 
largely restricted by low soil temperature (Baver, 1956). Fluctuations in soil temperatures above 
and below 0 ˚C cause thawing and freezing cycles within the soil, where the expansion of 
water during freezing can damage plant roots and create cracks in the soil (Alexander, 2014). 
There are three major sources of heat in surface soils. The majority of surface soil energy is 
provided by absorbed solar radiation, which is also responsible for diurnal and seasonal changes 
in soil temperatures (Baver, 1956). Some of the energy in soils is produced by chemical and 
biological processes occurring at the Earth’ surface. Additionally, the Earth’s core provides heat 
to its surface through heat convection in the mantle; however, the amount of heat provided from 
the centre of the Earth is less than 0.03 % of that from the sun (Alexander, 2014). Soil temperature 
is determined by two types of factors: factors that influence the amount of heat available to the 
soil surface and those that influence the dissipation of heat away from the surface. The amount of 
heat available is controlled by sources of heat such as the sun, soil mulch, and other soil surface 
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properties. The dissipation of heat is mainly affected by soil water content (θ, m3 m-3), as θ affects 
soil thermal properties and evapotranspiration (Hanks, 1992). Various tillage practices also affect 
soil temperature and thermal properties by changing the microtopography of the soil surface 
(Johnson and Lowery, 1985). 
Heat transport processes in soil are a combination of conduction, convection, radiation, and 
latent heat (Dane and Topp, 2002). Conduction of heat occurs by transmission of energy between 
adjacent soil particles. Convection takes place mainly through the movement of a heat-carrying 
mass (i.e. soil water) through soil pores. At the soil-atmosphere interfaces, laminar flow and 
turbulence heat flux are the commonest types of convection (Hillel, 1998). Radiation is the transfer 
of thermal energy from a point to its surroundings in the form of electromagnetic waves, and is 
usually insignificant and therefore ignored within soils. Latent heat processes occur when the heat 
is absorbed by the soil to cause the phase change without raising its temperature (Hillel, 1998; 
Dane and Topp, 2002). If the heat is consumed to convert ice into a liquid water without raising 
the temperature, it is called latent heat of fusion. If  the heat that is consumed to change the liquid 
water into vapour state is known as the latent heat of vaporization (Ghildyal and Tripathi, 1987). 
The soil temperature regime is quantitatively described by soil thermal properties. There are 
three key soil thermal properties: thermal conductivity (λ, W m-1 K-1), volumetric heat capacity 
(C, J m-3 K-1), and thermal diffusivity (α, m2 s-1) (Huang et al., 2012). The λ of soil describes the 
property of soil to conduct heat in the presence of a temperature gradient (Canarache et al., 2006) 
and depends on many factors, such as soil mineral composition, organic matters, and θ (Hillel, 
1998). The C of soil characterizes the total of heat energy that can be stored in soil; in other words, 
it characterizes the quantity of heat that can be added or removed per unit volume of soil per unit 
change in temperature (Baver, 1956; Gardiner and Miller, 2004). The α is defined as the ratio of 
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λ to C (Canarache et al., 2006), and it measures the heat conduction of soil relative to its heat 
storage. In other words, α describes the rate of transmission of temperature changes within the soil 
(Bristow et al., 1994b). When any two of the three soil thermal properties are known, the 
remaining unknown property can be calculated. 
Soil thermal properties are frequently required when studying coupled heat and water 
transport across the vadose zone, and affect water flow, evaporation, plant growth, and chemical 
and microbiological soil processes (Lu et al., 2013). Knowledge of soil thermal properties in 
agricultural lands aids in irrigation and seeding management. Soil thermal properties are 
especially important for irrigation management in hot, arid regions; as θ and evaporation are 
affected by soil temperature regime. 
The engineering disciplines are interested in soil thermal properties, especially λ of soils, as 
it affects the heat transfer from buried cables, road construction materials, cross-country oil pipe 
lines, etc. (de Vries and Peck, 1958a). The values of λ are required in the determination of the 
electric current-carrying capacity of buried cables and of the heat losses from underground steam 
and hot water piping (Woodside and Messmer, 1961a; Ochsner et al., 2001a). Thus, soil λ values 
are a key property influencing the design and simulation of earth-contact engineering facilities.  
Soil thermal properties are affected by many factors (Nakshabandi and Kohnke, 1965; Tindall 
and Kunkel, 1999), which can be divided into two groups. The first group is composed of 
properties inherent to the soil itself, including soil texture and mineralogical composition. The 
second group can be manipulated or controlled through soil management, and includes θ, soil bulk 
density (ρb, kg m-3), and temperature (Abu-Hamdeh, 2001). Given the same θ, sandy soils usually 
have higher λ values than that of finer textured soils. Water has a λ value 30 times greater than 
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that of air, but smaller than that of soil minerals (Nakshabandi and Kohnke, 1965); therefore, θ 
affects soil λ substantially. Generally, soil λ increases with θ (Hillel, 1998). As ρb of a given soil 
increases, the contact between the individual particles becomes more extensive, and as a result λ 
increases. However, this increase in λ is small in comparison to the increase due to θ (Nakshabandi 
and Kohnke, 1965). When the soil temperature is above 0 ˚C, λ shows relatively low dependence 
on temperature. However, in frozen soils, the temperature dependent ice content causes variable 
λ, as λ of ice is more than four times greater than that of water (Penner, 1970). Several studies on 
the thermal properties of frozen soils have been conducted (Penner, 1970; Penner et al., 1975; 
Slusarchuk and Watson, 1975), which focused on thaw prevention of permafrost soils used in 
highway design in cold regions, resulting in  decreased maintenance cost. 
2.1.1 Soil thermal conductivity 
Soil thermal conductivity is described by Fourier’s law of heat conduction and is usually 
defined as the quantity of heat that flows through a unit area in a unit time under a unit temperature 
gradient (Kirkham and Powers, 1972) 
λ = −𝑄/(𝐴
𝑑𝑇
𝑑𝑥
)                                                          (Eq. 2.1) 
where Q is the quantity of heat passed through soil per unit time (W), A is the cross-sectional area 
(m2), and dT/dx is the temperature gradient (K m-1). This definition is only suitable in a 
homogenous, isotropic, rigid solid material. However, the soil is porous media, and heat flows in 
soil are from one component to another in series as well as parallel to the different components 
(solids, water, and air); therefore, there is no simple function to describe the relationship between 
λ and volume fractions of each soil components, and a theoretical model to accurately describe 
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this complex series-parallel behavior of λ of soil is not available (Dane and Topp, 2002). The 
typical λ and C values of different soil materials are listed in Table 2.1. 
Table 2.1. Thermal conductivities and volumetric heat capacities of soil solids and related materials 
(Koorevaar et al., 1983; Bristow, 2002a). 
Material 
Thermal conductivity 
(W m-1 K-1) 
Volumetric heat capacity 
(×106 J m-3 K-1 at 20 oC) 
Soil mineral (average) NA 1.9 
Quartz 8.8 NA 
Clay mineral 2.9 NA 
Organic matter 0.25 2.5 
Water 0.552 + 2.34 × 10-3T† - 1.10 × 10-5T2 4.18 
Air 0.0237 + 0.000064T 0.0012 
Ice (oC) 2.18 1.9 
† T stands for temperature (oC). 
The λ of soil is strongly influenced by the composition, shape, and configuration of soil 
components; such as soil texture, ρb, and θ. As shown in Fig. 2.1, most of the air-dried soils have 
similar values of λ around 0.3 W m-1 K-1, because soil solids have limited contact with each other. 
As θ increases, there is a rapid increase in λ, which is caused by the increase in the contact areas 
as a result of the water films formed between solids particles, increasing the connectivity between 
solid particles. As θ continues to increase, more air spaces are replaced with water, and more heat 
passes through liquid water rather than solid, thus the increases in λ become slowly. The rapid 
increases from low to high λ usually occur earlier at lower θ in a sandy soil than a clay soil. This 
is because sand particles, made of quartz, have a high λ and any increase in connectivity through 
water films would drastically improve thermal conduction. At low water contents, water forms 
films surrounding clay particles and thus heat conduction in clay soils increases more substantially 
later on when small pores are filled with water.   
14 
(m m
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

 (
W
 m
-1
 K
-1
)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Sand
Loam
 
Fig. 2.1. Typical soil thermal conductivity (λ) as a function of soil water content (θ) for sand and 
loam. 
Because of the difficulty in deriving theoretical models, efforts have been made to develop 
semi-theoretical and empirical models (Barry-Macaulay et al., 2015; Dong et al., 2015). 
Numerous soil λ models have been developed. In the following I will present two of them. The 
macroscopic “apparent” λ of soil is a spatially averaged heat flow over microscopically complex 
paths and cannot be calculated exactly (Dane and Topp, 2002). In 1963, de Vries developed a 
semi-theoretical model by assuming that λ of any mixture can be expressed as the weighted sum 
of λ of the components of the mixture (Ghildyal and Tripathi, 1987): 
λ =
𝑘m𝑥mλm+𝑘w𝑥wλw+𝑘a𝑥aλa
𝑘m𝑥m+𝑘w𝑥w+𝑘a𝑥a
                                              (Eq. 2.2) 
where λi, xi, and ki are thermal conductivity, volume fraction, and weighting factor of i, 
respectively. The subscript i (i.e. m, w, and a) stands for mineral, water, air, respectively; and km, 
kw, and ka can be determined empirically. 
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Based on a large number of λ measurements on repacked soils in the laboratory, Campbell 
(1985) developed an empirical model of λ as a function of θ: 
λ = 𝑃1 + 𝑃2θ − (𝑃1 − 𝑃4)exp⁡[−(𝑃3θ)
𝑃5]                                              (Eq. 2.3) 
where P1, P2, P3, P4, and P5 are soil dependent coefficients being related to relatively readily 
available soil properties. The relationships are 
𝑃1 =
0.57+1.73ϕq+0.93ϕrm
1−0.74ϕq−0.49ϕrm
− 2.8ϕs(1 − ϕs)                            (Eq. 2.4) 
𝑃2 = 2.8ϕs                                                                              (Eq. 2.5) 
𝑃3 = 1 + (2.6/𝑚c
0.5)                                                             (Eq. 2.6) 
𝑃4 = 0.03 + 0.7ϕs
2
                                                               (Eq. 2.7) 
𝑃5 = 4                                                                                      (Eq. 2.8) 
where ϕq, ϕrm, and ϕs are the volume fraction of quartz, minerals other than quartz, and total solids, 
respectively; and mc is the clay mass fraction. P3 is a strong function of clay content, which is used 
to capture the rapid transition of λ from low to high as θ increases (Fig. 2.1).  
2.1.2 Soil volumetric heat capacity 
The volumetric heat capacity of soil is simply defined as 
𝐶 = 𝑑𝑄/𝑑𝑇                                                                      (Eq. 2.9) 
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where dT (K) is the temperature change of the system as a result of heat addition (dQ) (J m-3) 
through an infinitesimal process (Ghildyal and Tripathi, 1987; Dane and Topp, 2002). The 
calculation of C is easier than that of λ for soils, as the total storage of heat can be simply added 
up of the heat stored in each component of soil. Therefore, C of soil is expressed as the weighted 
sum of the C of soil constituents (Koorevaar et al., 1983): 
𝐶 = ∑ 𝑥𝑖𝐶𝑖
𝑛
𝑖=1 = ∑ 𝑥𝑖ρ𝑖𝑐𝑖
𝑛
𝑖=1                                          (Eq. 2.10) 
Where xi, ρi, ci, and Ci are the volume fraction, density, specific heat capacity, and volumetric heat 
capacities of n soil constituents. It is more convenient to express the Eq. 2.10 in terms of mass 
fractions ϕi defined on a dry-mass basis than xi in practice, and 
𝑥𝑖 = (ϕ𝑖ρb)/𝜌𝑖                                                             (Eq. 2.11) 
Substitution of Eq. 2.11 into Eq. 2.10 leads to 
𝐶 = ρb∑ ϕ𝑖𝑐𝑖 =
𝑛
𝑖=1 ρb(ϕm𝑐m + ϕo𝑐o + θg𝑐w + ϕa𝑐a)         (Eq. 2.12) 
where the subscripts m, o, w, and a indicate mineral, organic matter, water, and air, respectively; 
and θg is the gravimetric soil water content. As seen in Table 2.1, soil air makes a negligible 
contribution to C of soil.  Because it is difficult to separate the mineral and organic fractions of 
soil, Eq. 2.12 can be written as 
𝐶 = ρb(ϕs𝑐s + θg𝑐w) = ρb(𝑐s + θρw/ρb𝑐w) = ρb𝑐s + θρw𝑐w         (Eq. 2.13) 
where cs is the averaged specific heat of the solids. Therefore, with other soil properties kept 
constant, the C increases linearly with increasing θ. 
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2.1.3 Soil thermal diffusivity 
If both λ and C of soil are known, then soil thermal diffusivity α can be calculated by (Ghildyal 
and Tripathi, 1987) 
α = λ/𝐶                                                           (Eq. 2.14) 
Or α can be determined from temperature observations using transient heat conduction equation. 
For a steady heat conduction, Eq. 2.1 can be described by 
𝑞 = −λ(𝑑𝑇/𝑑𝑧)                                                           (Eq. 2.15) 
where q is the steady heat flux density (W m-2). Substituting Eq. 2.15 into the equation of 
continuity (Eq. 2.16) 
𝜕𝐶𝑇/𝜕𝑡 = −(𝜕𝑞/𝜕𝑧)                                                           (Eq. 2.16) 
we can obtain 
𝜕𝐶𝑇/𝜕𝑡 = (𝜕/𝜕𝑧)[λ(𝜕𝑇/𝜕𝑧)]                                             (Eq. 2.17) 
Assuming the soil is a homogeneous and isotropic system, Eq. 2.17 can be simplified as 
𝐶𝜕𝑇/𝜕𝑡 = λ(𝜕2𝑇/𝜕𝑧2)                                                        (Eq. 2.18) 
Dividing both sides of Eq. 2.18 by C yields 
𝜕𝑇/𝜕𝑡 = α(𝜕2𝑇/𝜕𝑧2)                                                        (Eq. 2.19) 
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Equation 2.19 has been frequently used as the governing expression to describe heat transfer in 
soil. For most soils, α increases with increasing θ from dry soil, reaches a maximum and then 
decreases again (Fig. 2.2). 
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Fig. 2.2. Typical soil thermal diffusivity (α) as a function of soil water content (θ) for sand and loam. 
2.1.4 Soil thermal properties measurement 
Knowledge of soil thermal properties including λ, C, and α is of great importance; however, 
accurate determination of soil thermal properties is quite challenging and there are few options 
available. 
The λ can be predicted by several semi-theoretical and empirical models (Beck, 1976; 
Sepaskhah and Boersma, 1979; Gangadhara Rao and Singh, 1999; Singh and Devid, 2000; Gori 
and Corasaniti, 2003). To experimentally measure λ, there are only two methods available: the 
steady-state method (i.e. guarded hot plate method) (Bristow et al., 1994b) and the transient-state 
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method (i.e. the heat pulse probe method and the active heated fibre optic-distributed temperature 
sensing (AHFO-DTS) method) (Sayde et al., 2010; Benítez-Buelga et al., 2014). 
The guarded hot plate method has been well established for the measurement of λ of relatively 
large samples of concrete, insulation and other industrial materials (Bristow, 2002b). This method, 
however, employs steady-state principles and hence is subject to many conditions and 
uncertainties associated with soil water movement caused by temperature gradient during 
measurement. When the guarded hot plate method is used on wet soils, the water movement that 
occurs during the relative long heating time makes it difficult to reach a steady state (Dubois and 
Lebeau, 2013). In addition, the poor contact between the heater plates and soil samples can 
introduce substantial error (Dane and Topp, 2002). 
The transient-state methods, on the other hand, employ a heat pulse probe which generates a 
pulse of heat at a given heating rate. The heat pulse probe includes the single-probe heat pulse 
(SPHP) method and the dual-probe heat pulse (DPHP) method (Bristow et al., 1994b; Liu and Si, 
2011a). The SPHP can only be used to measure λ; however, the DPHP can measure λ, C, α, and 
θ simultaneously. In addition, based on the heat pulse probe theory, the AHFO-DTS system 
extends soil thermal property measuring scale from cm to up to kilometer scale (Striegl and 
Loheide, 2012). The heat pulse probe and AHFO-DTS methods will be discussed in detail in 
section 2.3. 
The C of soil can be obtained either by indirect or direct methods. The indirect methods 
include De Vries approximation, adiabatic calorimetry, drop calorimetry, and differential 
scanning calorimetry (DSC) (Dane and Topp, 2002). The De Vries approximation is widely used 
in practice and requires a known θ. Inversely, if C is measured by other methods, the De Vries 
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method can be used to calculate θ even in frozen soils containing ice (Liu and Si, 2011b; Kojima 
et al., 2014; Tian et al., 2015). The adiabatic calorimetry and drop calorimetry require a substantial 
amount of time, expertise, and specialized instrumentation to obtain reliable values of C; therefore, 
they are not introduced here and are rarely used in soil science. The DSC method has not been 
thoroughly evaluated for soil samples (Reading et al., 1994; Liu and Si, 2011a), and is a 
destructive method suitable only for small sample sizes. The only direct and in situ measurement 
of soil C is the DPHP (Campbell et al., 1991; Bristow et al., 1994a; Kluitenberg et al., 1995). 
The α can be determined by observing soil temperature changes with time at two or more 
locations (Dane and Topp, 2002) or can be measured using the DPHP, by determining the time 
required for the maximum temperature rise of the temperature sensor to be reached (Bristow et 
al., 1994a; Kluitenberg et al., 1995; Bristow, 1998), or can be calculated from λ and C. 
2.2 Soil Water Content 
Water in the soil is an important resource for both human beings and natural ecosystems. It is 
a vital link in the hydrological cycle that influences most of the physical, chemical, and biological 
processes that occur in soils. Physically, soil water acts as a lubricant and a binding agent between 
soil particles (Dane and Topp, 2002). The high C value of water modifies the diurnal and seasonal 
temperature cycles at the soil surface. Changes in θ and its energy status affect soil strength, 
compressibility, penetrability and ρb (Huang et al., 2012). Soil water content information can be 
useful for evaluation of the water balance. Chemically, water serves as the transport agent of 
dissolved inorganic chemicals and suspended biological components, making them available to 
microbes and vegetation (Dane and Topp, 2002; Gardiner and Miller, 2004). The biological 
production from soil, either as forest products or agricultural crops, is influenced primarily by 
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water availability in soil (Foth, 1990). A limited number of plants can survive on water taken 
directly from the atmosphere, whereas most plants access water in the soil using their roots 
(Anderson and Hopmans, 2013; Alexander, 2014). Typical agricultural crops use an average of 
500 to 700 kg of water to produce 1 kg of dry plant matter (Plaster and Reiley, 1992). Soil 
formation and weathering rate are also controlled by θ (Huang et al., 2012). 
Soil water content is traditionally expressed as the ratio of the mass of water to the mass of 
dry solids in a soil sample, which is called the gravimetric water content. Alternatively, the volume 
of water present in a unit volume of soil is called the volumetric water content. Sometimes water 
content is expressed as the degree of saturation, which is the ratio of water-filled pore space to the 
total soil pore space (Huang et al., 2012). In meteorology and hydrology, θ and precipitation are 
expressed in terms of  water depth (Plaster and Reiley, 1992). 
In addition to θ, soil water status can also be expressed through the soil water energy state. 
The two primary forms of energy that are of interest are kinetic and potential. When soil water 
movement is very slow, the kinetic energy is negligible. The total soil water potential is composed 
of the matric potential, osmotic potential, pressure potential and gravitational potential (Gardiner 
and Miller, 2004). The relationship between θ and soil water potential is called the soil water 
retention curve, which is one of the most frequently used characterisations in soil physics and is 
used to predict the soil water storage, water supply to plants and soil aggregate stability. Nearly 
all soils show hysteresis in their soil water retention curves due to the ink bottle meniscus effect 
arising from the high surface tension of water, trapped air in soil, and the shrink-swell effect 
(Miyazaki et al., 1993). 
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When all soil pores are filled with water, the soil is said to be saturated and θ is referred to as 
the saturated water content. Once the excess gravitational water, or water that will freely flow 
under the force of gravity, has fully drained away from the soil over the course of several days, 
the water content is referred to as field capacity (Baver, 1956; Gardiner and Miller, 2004). The 
matric potential of soil usually ranges between -10 and -30 kPa at the field capacity (Brady and 
Weil, 2008). If the θ continue to decrease through evapotranspiration until it is so low  that plants 
are not able to extract water fast enough for their growth, it is said to be at its permanent wilting 
point (Gardiner and Miller, 2004). For most plants the permanent wilting point develops when the 
soil water potential is about -1500 kPa (Brady and Weil, 2008). The determination of permanent 
wilting point and field capacity is frequently required to guide irrigation management and 
optimize plant production. 
2.2.1 Soil water content measurement 
The state of water in the soil is highly dynamic and the movement of water is affected by 
evapotranspiration, precipitation, irrigation, soil temperature and soil thermal properties (Ghildyal 
and Tripathi, 1987). The determination of θ is one of the most common soil physical analyses, 
and is necessary for many agricultural, hydrological, and engineering studies. 
Soil water content can be measured directly or indirectly. The direct methods involve the 
removal or separation of water from the soil matrix by heating, the extraction and replacement of 
water by a solvent, or by chemical reaction (Dane and Topp, 2002). By heating, water is vaporised 
and removed from the soil and θ is determined by measuring the resulting change in mass. By 
extraction and replacement by solvent, θ is determined through chemical or physical analysis of 
the extracting solvent. By chemical reaction, θ is determined through quantitative measurement 
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of the reaction products (Dane and Topp, 2002). In practice, the removal of water by heating is 
referred to as the gravimetric method, which is the only direct θ measurement method commonly 
used in soil science. The indirect methods involve measurement of soil physical or chemical 
properties that rely on θ. For example, the dielectric constant, electrical conductivity (EC, S m-1), 
C, hydrogen content, and magnetic susceptibility of the soil. 
For gravimetric methods, soil samples are dried in various ways including incandescent 
heating at a controlled temperature to achieve a constant weight, microwave heating for a selected 
time period in order to achieve a constant weight, and vacuum distillation of water to reach a 
desired vapor pressure level (Dane and Topp, 2002; Huang et al., 2012). The advantages of the 
gravimetric method are that the principles are straightforward, it can be used in the laboratory, it 
is inexpensive, and is considered the standard method with random errors of < 1 % water content 
(Warrick, 2002). The gravimetric method is the only mass-based method for determining water 
content, whereas other methods measure the volume-based or volumetric water content. 
However, the traditional heating gravimetric method is time-consuming, destructive to the 
soil, and may be subject to two additional sources of error. First, water is retained by the soil 
components at a wide range of energy levels, and even after several days of heating and drying 
the mass of soil may still be decreasing (Dane and Topp, 2002). Therefore, there is no standard 
on absolute time at which the soil reaches a “dry” state when exposed to the recommended 
temperature of 105 ˚C. Second, part of the mass loss may be due to evaporation of components 
other than soil water, such as organic matter (Dane and Topp, 2002). Additionally, due to the 
destructive nature to the soil, the gravimetric methods cannot be used as a series of in situ dynamic 
measurements (Huang et al., 2012).  
24 
The dielectric constant-based methods for determining θ include time domain reflectometry 
(TDR), capacitance probe, ground penetrating radar (GPR), radar scatterometry, and passive 
microwave (Baver, 1956; Dirksen, 1999; Carter and Gregorich, 2008). The TDR method utilizes 
a fast rise time electromagnetic pulse guided along a transmission line through a soil sample 
(Noborio, 2001). The time delay between the reflections of the pulse from the beginning and end 
of the soil transmission line is used to determine the velocity of propagation through the soil along 
the transmission line. The dielectric constant of the soil controls this velocity, and θ is inferred 
from the dependence of the dielectric constant on θ (Topp and Davis, 1985). The TDR method 
can be used for both laboratory and in situ field measurements. Another advantage of TDR is that 
it can be coupled with other equipments, such as the heat pulse probe (Noborio et al., 1996), 
tensiometer (Dane and Topp, 2002) and penetrometer (Manoel et al., 2001). The measurement of 
θ is typically only slightly susceptible to changes in soil ρb (for non-swelling soils) and 
temperature (Noborio, 2001). Limitations of TDR include relatively high equipment expense, 
large errors for saline soils, and soil-specific calibration required for soils with high levels of 
organic matter or clay (Warrick, 2002). 
The capacitance devices, GPR, radar scatterometry and passive microwave are all the 
primarily used methods in field measurements. The advantage of the dielectric constant-based 
methods is that the EC of the soil can be obtained as well (Dane and Topp, 2002).Similar to TDR, 
capacitance devices also measure soil dielectric constant. With these devices; however, 
capacitance electrodes are placed in the soil which act as the dielectric of a capacitor in a 
capacitive-inductive resonant circuit (Dane and Topp, 2002). Capacitance devices are relatively 
cheap, safe, and easy to operate. However, the sensors require a soil-specific calibration, and the 
accuracy is affected by soil salinity and soil temperature (Kelleners et al., 2004). The GPR 
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generates radio frequency signals in a wide range of angles from an antenna into the ground, and 
another antenna receives the return signals (Galagedara et al., 2005). The intermediate measuring 
scale of GPR fills the measuring scale gap between large scale remote sensing and point scale 
measurements (Huisman et al., 2001, 2003). Similar to GPR, the radar scatterometry’s 
transmitting and receiving antennae are located above the soil, allowing it to measure θ of the 
near-surface soils (Dane and Topp, 2002). Differing from the other methods, the passive 
microwave remote sensing technique applies no signal, and the soil itself is the electromagnetic 
source (Njoku and Entekhabi, 1996). A sensitive microwave receiver placed above the ground is 
used to measure the temperature and dielectric properties of the surface soil. This passive 
microwave remote sensing can use the ground, aircraft and orbiting satellites as platforms. The 
passive microwave method has relatively poor spatial resolution, so it is usually used to measure 
an average θ over a large area.  
Another indirect method is electromagnetic induction, where the instrument employs low 
frequency signals and measures the signal loss to determine the EC of the soil. Soil water content 
can then be determined by the relationship between θ and EC (Reedy and Scanlon, 2003). 
Electromagnetic induction instruments are non-contacting, non-destructive, and rapid. As the 
measurements can be taken instantaneously, it is suitable for the rapid survey of a large area 
(Sheets and Hendrickx, 1995). The electromagnetic induction method is susceptible to salinity as 
it is based on EC. 
Neutron scattering probes release a radioactive source of high energy fast neutrons, which 
interact with hydrogen atoms in the soil that slowing down the neutrons (Dirksen, 1999; Dane and 
Topp, 2002). As most of the hydrogen in soil is associated with water, the number of soil hydrogen 
can be used to infer the volumetric water content. The advantages of the neutron probe method 
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are that it is non-destructive, water can be measured in any phase and it may be performed 
repetitively (Huang et al., 2012). It also works well in stony soils and cracking clays in which 
other methods work poorly. However, the neutron probe can only be used in the field to measure 
θ at multiple depths if pre-installed tubes are present. Calibrations are required to account for 
background hydrogen sources and other local effects (Carter and Gregorich, 2008). In addition, it 
is radiative, costly, and unsuitable for surface soils (Huang et al., 2012). Operation of the neutron 
scattering probe requires the attendant to complete specialized training and possess a license 
(Warrick, 2002). 
The cosmic-ray probe is another instrument to measure θ by counting fast neutrons in the soil, 
but produced by secondary cosmic ray particles (Zhu et al., 2015). It can measure the areal-average 
θ of an effective depth at an intermediate scale on the order of from cm to several hundred meters 
(Lv et al., 2014). The cosmic-ray probe is a low-power passive method that can continuously 
monitor θ in the field, and its self does not release radioactive source. It is non-invasive, non-
contact, and insensitive to soil salinity, ρb, texture and surface roughness (Zreda et al., 2008). 
However, the measurement depth decreases as increasing θ (Zreda et al., 2012) and calibration is 
required as it is susceptible to aboveground biomass (Baatz et al., 2015).  
The nuclear magnetic resonance technique can measure θ and water retention parameters in 
soils and rocks by counting the number of protons associated with water molecules in the soil 
(Costabel and Yaramanci, 2013). The nuclear magnetic resonance images can present us with the 
distribution of water and pores in soil (Bird et al., 2005), and can be used in laboratory or the field 
settings. However, it is destructive as it requires a soil sample be removed for measurement and 
it is radioactive. 
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The gamma ray attenuation device uses a radioactive source to emit a beam of gamma rays 
into a soil sample (Corey et al., 1971). The attenuation of the beam is recorded by a gamma ray 
detector after the beam has passed through a known length of soil (Pires et al., 2005). With known 
density of soil solids and water, the measured density can be used to determine θ. By using two 
radioactive sources in a single collimator, the gamma ray method can measure both ρb and θ 
simultaneously (Corey et al., 1971). It can also be used to measure soil particle size distribution 
(Oliveira et al., 1997). The gamma ray method has greater depth resolution than the neutron 
scattering method; however, it is radioactive, restricted to soil thicknesses, and affected by ρb 
changes (Dane and Topp, 2002). 
The DPHP is another popular method to measure θ based on the linear relationship between 
C and θ (Bristow et al., 1993, 2001; Peron et al., 2012). Based on both the SPHP and DPHP 
methods, an AHFO-DTS system was developed to monitor in situ θ on an intermediate scale 
(Sayde et al., 2010; Ciocca et al., 2012; Striegl and Loheide, 2012). The details on the DPHP and 
AHFO-DTS methods will be discussed in section 2.3. 
In comparison, the gravimetric method is accurate, standard, and direct; however, it is 
destructive and time consuming. The indirect methods are less destructive or non-destructive; 
however, the accuracies and precisions of those methods depend upon the strength of the 
relationship between the measured property and θ. 
2.3 Simultaneous Measuring Soil Thermal Properties and Water Content  
Soil thermal properties and θ are interactive in the field (Hillel, 1998); therefore, in order to 
provide reliable data for coupled soil heat and water transport studies (Bristow, 1998), it is 
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important to develop a single instrument that can measure both soil thermal properties and θ at the 
same time, location, and scale. However, from the above discussions on different methods to 
measure soil thermal properties and θ, we can see that the DPHP and the AHFO-DTS are the only 
two methods that can measure λ, C, α, and θ simultaneously (Bristow, 1998; Ren et al., 1999; 
Olmanson and Ochsner, 2006; Young et al., 2008; Liu et al., 2012; Benítez-Buelga et al., 2014). 
Therefore, the heat pulse probe method and the AHFO-DTS method will be discussed in detail as 
follows. 
2.3.1 Heat Pulse Probe Method 
The heat pulse probe method was originally developed from a thermal based apparatus to 
measure λ of various of liquids (Van Der Held and Van Drunen, 1949). This non-stationary 
method was subsequently improved and designed as a heat probe element to measure λ of soil in 
situ (de Vries, 1952), which was based on the mathematical analysis of conduction of heat in 
solids presented by Carslaw and Jaeger (1946). 
The SPHP has been firstly used to measure λ of different materials. However, due to the 
difficulties to obtain accurate thermal contact conductivity (H, W m-2 K-1) values, obtaining 
accurate C and α values by the SPHP is still challenging (Hadas, 1974; Riha et al., 1980; van Loon 
et al., 1989). Therefore, in 1990s, the DPHP was developed to measure all three soil thermal 
properties and several other properties. If the probe has three or more needles, consisting of one 
or more heater needles and two or more sensor needles, it is called a multi probe (Larson, 1988; 
Saito et al., 2007; Xiao et al., 2012). A comparison of the properties that the SPHP, DPHP, and 
multi-probe heat pulse (MPHP) methods can measure is listed in Table 2.2. A picture of the heat 
pulse probe set-up is shown in Fig. A.7 in Appendix2. 
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Table 2.2. Typical applications of the heat pulse probe methods in different media. 
Probe Property Unfrozen soil Frozen soil Peat Rock Snow 
Single 
probe 
Thermal 
conductivity 
(de Vries, 
1952) 
(Penner, 1970) / 
(Woodside and 
Messmer, 1961b) 
(Jaafar and 
Picot, 
1970) 
Dual 
probe 
Thermal 
conductivity 
(Bristow et 
al., 1994a) 
(Ochsner and 
Baker, 2008) 
(Kettridge and 
Baird, 2007) 
/ / 
Volumetric 
heat capacity 
(Campbell et 
al., 1991) 
(Putkonen, 
2003) 
(Kettridge and 
Baird, 2007) 
/ / 
Water 
content 
(Bristow et 
al., 1993) 
(Zhang et al., 
2011) 
(Campbell et 
al., 2002) 
/ / 
Density / / / / 
(Liu and 
Si, 2008) 
Ice 
content 
/ 
(Liu and Si, 
2011b) 
/ / / 
Multi 
probe 
Thermal 
conductivity 
(Hopmans et 
al., 2002) 
/ / / / 
Volumetric 
heat capacity 
(Bristow et 
al., 2001) 
/ / / / 
Water 
content 
(Bristow et 
al., 2001) 
/ / / / 
Water 
flux 
(Ren et al., 
2000) 
/ / / / 
Evaporation 
(Xiao et al., 
2012) 
/ / / / 
Electric 
conductivity 
(Bristow et 
al., 2001) 
/ / / / 
† Contents in bracket are example references of the related studies. 
2.3.1.1 Single-probe heat pulse method 
Currently, the SPHP can only be used to determine λ of soil. In the SPHP method, both a 
heating wire and a thermistor (or thermocouple) are installed in the same needle, and the probe is 
inserted into soil. Then the probe is heated for a period of time by passing an electrical current 
through the heating wire, and the temperature in the centre of the probe is monitored during the 
heating or cooling. The simplest model to measure λ using the SPHP is to treat the single probe 
as a linear heat source of infinite length. Therefore, the diameter, λ and c of the probe are ignored, 
and the contact between probe and soil is assumed to be perfect (de Vries, 1952). With this 
30 
simplification, an analytical solution to the radial heat flow equation can be used to obtain λ from 
the slope of the temperature increase as a function of logarithmic time curve when the curve 
reaches a straight line at a later time. 
For more realistic results and to obtain α and C, the model was modified by a cylindrical 
configuration, and the probe diameter (only outer diameter, or both inner and outer diameter), H, 
the specific heat of the probe, and λ of probe (perfect conductor or poor conductor) were all 
considered (Blackwell, 1954). However, the solutions of the Blackwell equations involve the 
Laplace transformation, and complicated integrals need to be calculated numerically. To simplify 
the calculations, Blackwell (1954) devised the simple approximations for both short-time and 
long-time periods. The long-time solution is used to determine λ (Manohar et al., 2000). 
Since the long-time solution of Blackwell equation is simple and accurate, the SPHP has been 
widely tested for λ measurement of different materials, such as unfrozen soils (de Vries, 1952; de 
Vries and Peck, 1958a; b; Penner et al., 1975; Dang and Leong, 2015), frozen soils (Penner, 1970; 
Slusarchuk and Watson, 1975), rocks (Woodside and Messmer, 1961b; Beck et al., 1971; Cull, 
1974; Beck, 1976), snow (Jaafar and Picot, 1970; Sturm and Johnson, 1992), glass beads 
(Hopmans and Dane, 1986), and methane hydrate (Waite et al., 2006, 2007). 
The λ of different soil textures at various θ and temperatures with different densities calculated 
by different models have been widely investigated (Sepaskhah and Boersma, 1979; Riha et al., 
1980; Hopmans and Dane, 1986; Ewen and Thomas, 1987; Hiraiwa and Kasubuchi, 2000; 
Tarnawski et al., 2009, 2011, 2013; Tarnawski and Leong, 2012; Nikolaev et al., 2013). The 
results show that soil λ increases with higher θ (Sepaskhah and Boersma, 1979). Coarser soil 
texture has higher λ with the same θ ( Riha et al., 1980). When soil temperature increases, the λ 
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tends to increase (Hiraiwa and Kasubuchi, 2000; Nikolaev et al., 2013). The effects of salt 
concentration and organic matter on soil λ were also tested (Abu-Hamdeh and Reeder, 2000). If θ 
is known, two other thermal properties (α and C) can also be calculated (Nakshabandi and Kohnke, 
1965; Wierenga et al., 1969; Moench and Evans, 1970; Ghuman and Lal, 1985). However, without 
θ, SPHP cannot obtain α and C independently. 
The accuracies and errors associated with the SPHP have been investigated. To ensure the 
assumption of an infinite long probe, the calculation to determine the minimum length/diameter 
ratio for radial flow theory to meet different error requirement has been provided (Blackwell, 1954, 
1956). The experimental results of soil λ measurement proved that the calculation to account for 
the finite λ of the probe provided more realistic results (de Vries and Peck, 1958a). To ensure all 
temperature changes are caused by the heat pulse probe, the background temperature should be 
corrected before and during measurement to reduce measuring errors (Jury and Bellantuoni, 1976).  
When soil temperature is above 0 ˚C, soil thermal properties are more dependent on soil 
texture, ρb, and θ, and less dependent on temperature (Abu-Hamdeh and Reeder, 2000; Hiraiwa 
and Kasubuchi, 2000; Abu-Hamdeh et al., 2001). However, when soil temperature is below 0 ˚C, 
ice begin to form in soil. Therefore, a constant λ cannot be assumed. As ice has a λ four times 
greater than that of water, λ of frozen soils increases when soil temperature decreases and ice 
content increases (Penner, 1970). The amount of water in frozen soils varies at the same 
temperature depending on specific surface area, mineral type, exchangeable ions, soluble salt 
content of the pore water, and pore size distribution (Penner, 1970; Slusarchuk and Watson, 1975). 
When soil temperature is around -2 to 0 ˚C, the ice content is very sensitive to the temperature. 
The heating from the heat pulse probe will cause latent heat flow and phase change of the ice. 
Therefore, accurate measurement of λ in soil at -2 to 0 ˚C by the heat pulse probe is impractical. 
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When the temperature of the sample is carefully controlled to a sufficiently low temperature, the 
SPHP method can be applied to measure λ of snow (Jaafar and Picot, 1970). 
The SPHP method has been applied to rocks which are far denser than soil. Compared to field 
soils, measuring rocks through boreholes is more challenging due to the difficulty in drilling the 
holes with the same small diameter as the probe (Cull, 1974). Therefore, the probe-rock contact 
resistance is relative large. However, the accuracy of the λ measurement is less affected by H, and 
λ of coarse granular media such as pebble beds can also be accurately obtained (Jones, 1988a). 
The SPHP has been used to measure λ (Blackwell, 1954; de Vries and Peck, 1958b); however, 
measuring θ using a single probe and the relationship between temperature change or λ and θ has 
not been widely investigated. Shaw and Baver (1939) applied a Wheatstone bridge to an 
eletrothermal method in order to measure the electrical current (I, A) changes of their setup with 
changing θ in various soils. The I~θ relationship was developed for the tested soil; however, the 
prediction of θ from this relationship was not performed. The λ of different soils at various θ has 
been widely tested (Sepaskhah and Boersma, 1979; Horton and Wierenga, 1984; Hopmans and 
Dane, 1986; Abu-Hamdeh and Reeder, 2000; Momose and Kasubuchi, 2002), and attempts to 
develop the expressions of the λ~θ relationship have been reported (Ewing and Horton, 2007). 
Among them, Kasubuchi (1992) attempted to measure θ using the λ~θ relationship obtained from 
the heat pulse method; however, the accuracy was not reported and the results were limited to two 
soils within a limited range of θ. 
To obtain more information besides the λ as determined from the long-time solution of 
Blackwell equation, the short-time solution of Blackwell equation may be used to determine H 
hence α, C, and θ. Following the Blackwell solutions, Jaeger (1956) and de Vries and Peck (1958a; 
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b) derived two additional solutions to the cylindrical heat pulse probe method, respectively. 
However, due to the complicated expressions and difficulty in obtaining accurate H, it is difficult 
to measure other properties such as α, C, or θ. Obtaining λ, H, and C simultaneously without 
previously knowing θ has been attempted, but produced unsatisfactory accuracies of about 5, 10, 
and 25 %, respectively (van Loon et al., 1989). The short-time solution was used to obtain H of 
methane hydrate (Waite et al., 2006, 2007), but showed large uncertainty due to the arbitrary time 
range selection of the data points to fit the short-time solution. 
Thermal resistance (the reciprocal of λ) is the resistance effect caused by the finite heat 
transport in a material; similarly, thermal contact resistance is an additional heat transfer resistance 
due to the incomplete contact area across the interface between two media. Thermal contact 
resistance presents when a junction is formed by pressing two similar or dissimilar metallic 
materials together, only a small fraction of the nominal surface area is actually in contact because 
of the non-flatness and roughness of the contacting surfaces (Cooper et al., 1969; Sauer et al., 
2007). While a uniform temperature gradient may exist in a homogeneous material, the boundary 
of two materials creates a temperature difference (Fletcher, 1988) as shown in Fig.2.3. The 
reciprocal of thermal contact resistance, H, is more commonly used in practice. The definition of 
H is given by (Wang et al., 2012) 
𝐻 = −𝑞/Δ𝑇                                                          (Eq. 2.20) 
where q is the heat flux density and ΔT is the temperature drop at the interface. Note that the 
definition and unit between H and λ are different. 
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Fig. 2.3. The temperature distribution at the interface between two materials due to imperfect 
contact. 
The definition of H is simple; however, it has not been possible to develop a single analytical 
expression for the prediction of H at a junction between two materials, except for cases of highly 
idealized single and multiple contacts (Jeng et al., 2006). Despite the availability of these models, 
H is largely determined experimentally in order to provide a measure of the thermal performance 
of a specific configuration or system. 
Currently, the values of H between the single probe and different soils at various θ have not 
been investigated. Assuming perfect contact between the probe and the soil is not realistic, so the 
influence of the contact resistance between probe and soil was evaluated (Hadas, 1974). The 
results showed that large errors occur in poor contact situations particularly at higher θ. Compared 
to the dual probe, the single probe needle is more robust in the field, measures larger scales, and 
is not affected by needle deflection. Therefore, it is important to understand how θ, soil properties 
and the probe affect H to facilitate the application of the SPHP and also the SPHP based AHFO-
DTS method in simultaneous determination of soil thermal property and θ. 
Q 
Q 
T1 T
2
 Tc1 Tc2 
T
1
 T
c1
 
T
c2
 T
2
 
ΔT 
Gaps 
x 
T 
35 
2.3.1.2 Dual-probe heat pulse method 
To break through the limitations of the SPHP, the DPHP was developed to measure all three 
soil thermal properties (Campbell et al., 1991; Bristow et al., 1994b; Liu and Si, 2011a). The dual 
probe has two needles, one containing the heating wire and the other the temperature sensor. An 
instantaneous heat pulse is applied into a line source (the heater), and the maximum temperature 
rise of another needle (the sensor) at a certain distance from the heater is inversely related to the 
volumetric specific heat of soil (Bristow et al., 1994a). The time for the sensor to reach maximum 
temperature is inversely related to α of soil, and the value of the maximum temperature is inversely 
related to C of soil. As long as C and α are known, λ can be calculated by λ=C/α. Therefore, all of 
the three soil properties can be obtained by the DPHP (Bristow et al., 1994a, 1995).In addition, θ 
can also be determined by the linear relationship between C and θ (Bristow et al., 1993; Tarara 
and Ham, 1997; Bristow, 1998; Song and Ham, 1998; Song et al., 1999; Basinger et al., 2003; 
Heitman et al., 2003; Ochsner et al., 2003; Ren et al., 2003b).  
The dual heat pulse probe was originally used to measure C of soil by an instantaneous line 
source of infinite length model (Campbell et al., 1991). Bristow et al. (1993) applied the DPHP in 
the field to estimate θ from C, showed well agreement between the DPHP measured θ with that 
from the standard oven-dry method. 
The possible errors associated with the DPHP were discussed by comparing models for the 
instantaneous infinite line source with pulsed infinite line source, pulsed finite line source and 
pulsed infinite cylindrical source, and accounting for different probe and heat pulse apparatus 
designs as well as errors in probe spacing and heat input (Kluitenberg et al., 1993). Additional 
error analysis (Kluitenberg et al., 1995) showed that soil α and C estimates are sensitive to the 
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error in probe spacing, but λ is unaffected by it. The errors and solutions when the dual probe is 
used in a heterogeneous situation (for example, surface soil at the soil-air interface) was also 
investigated (Kluitenberg and Philip, 1999; Philip and Kluitenberg, 1999). 
 The temperature versus time data obtained using dual heat pulse probe can be analyzed 
using two different approaches: 1) the single-point method and 2) nonlinear fitting (Knight and 
Kluitenberg, 2004). The single-point method is based on accurate identification of the peak in the 
temperature curve, which is difficult when the data is sparse and contains noise. Currently, the 
nonlinear fitting is more commonly used. Bristow et al. (1995) compared these two methods and 
concluded that both methods should be checked by comparing the fitted model with the measured 
temperature-time data. 
To obtain more accurate estimates, several studies were conducted on the corrections and 
calibrations (Ren et al., 2003b; Ham and Benson, 2004; Olmanson and Ochsner, 2006; Liu et al., 
2008a; Young et al., 2008; Kluitenberg et al., 2010), sensitivity analysis (Knight et al., 2007) and 
errors analysis (Liu et al., 2007, 2012; Liu and Si, 2010; Knight et al., 2012) of the DPHP. Even 
though all three thermal properties can be obtained from the DPHP without knowing H, ignoring 
H and finite probe body contributes to the overestimation of C from the infinite line source model 
(Basinger et al., 2003; Liu et al., 2012). 
The DPHP is an inexpensive, automatic, non-destructive, and non-radioactive method for θ 
measurement. However, it also requires calibration in the field (Ren et al., 2003b; Ham and 
Benson, 2004), and the biggest limitation of the DPHP is that the accuracy is greatly affected by 
needle deflections (Liu et al., 2008a; Kluitenberg et al., 2010) when it is inserted into soils, 
especially hard and clay soils. To overcome this drawback, a self-calibrated dual probe with two 
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thermistors in the sensor needle was designed to quantitatively correct the inward and outward 
deflections, reducing measurement errors (Liu et al., 2013a). The prevalent use of the DPHP with 
infinite line source model assumes the probe is embedded in an infinite soil, which is invalid at 
the soil surface. Therefore, the adiabatic boundary condition solutions were built for the situation 
that the probe is inserted into soil near the soil-air interface (Liu et al., 2013b; Zhang et al., 2014). 
The DPHP works better than the guarded hot plate method in frozen soils. For the guarded 
hot plate method, a relatively large temperature difference and a longer measurement time are 
necessary. Therefore, water movement and evaporation at the hot side and condensation at the 
cold side can introduce large errors (Carter and Gregorich, 2008). However, the DPHP uses much 
smaller measuring time and the temperature increase can be controlled smaller, thus the errors 
caused by ice melting are relatively small. 
When the soil temperature is below -10 ˚C, the DPHP performs well. However, at the range 
of -10 to 0 ˚C, the phase change of ice into water and back to ice causes large measurement 
uncertainty (Putkonen, 2003). The DPHP measurement with a 60 s heat pulse duration and heating 
rate < 15 W m-1 were successfully applied on ice and various kinds of snow for snow density 
measurement when the temperature was below 0 ˚C and there was no water in the snow (Liu and 
Si, 2008). The ice content measurement of a frozen soil by the DPHP is possible when the soil 
temperature is below -18 ˚C and the majority of water is ice; however, it still overestimates ice 
content with the appearance of water in the soil (Liu and Si, 2011b). An alternative way to 
determine the ice content is to use the empirical relation of the soil-specific ice to unfrozen water 
ratio at different temperatures and measure total water content by the DPHP (Zhang et al., 2011), 
or by the sensible heat balance method (Kojima et al., 2014). However, the sensible heat balance 
method showed large errors in field tests. 
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2.3.1.3 Multi-probe heat pulse method 
For soil thermal property measurement, the principle of the MPHP is the same as the DPHP, 
but with more replicates of temperature readings from each thermistor. The advantage of the 
MPHP compared to the DPHP is that, since it has two or more sensor needles, it can be used to 
measure soil water flux (Ren et al., 2000; Hopmans et al., 2002), soil heat flux (Cobos and Baker, 
2003), soil water evaporation (Trautz et al., 2014), and EC (Bristow et al., 2001; Mori et al., 2003) 
based on the different temperature responses between sensors.  
The three-needle design heat pulse probe was widely studied to estimate water flux density 
from the temperature response differences of two sensors placed upstream and downstream of the 
heat source (Ren et al., 2000; Kluitenberg and Warrick, 2001; Wang et al., 2002; Hopmans et al., 
2002; Ochsner et al., 2005). For a four-needle heat pulse probe, an equivalent four-electrode 
Wenner array can be used to obtain soil apparent EC (Bristow et al., 2001; Mori et al., 2003). 
Combining the MPHP and TDR (Ren et al., 2003a) is especially useful for studying the coupled 
flow of heat, water, and solute in the vadose zone. With known θ from the TDR measurement, the 
thermo-TDR can also be used to measure soil ρb (Liu et al., 2014). Wang et al. (2002) and 
Kluitenberg et al. (2007) simplified and improved the mathematically complex data analysis 
procedures. Xiao et al. (2012) made an 11-needle heat pulse probe to provide an improved way to 
monitor in situ the depth and time pattern of subsurface soil-water evaporation at fine-scales. 
The MPHP has the same limitations as the DPHP, and more deflections will occur as it is 
more difficult to install it in the field as a result of more needles. Besides, when soil water flux is 
too small, it is also difficult to obtain accurate measurement (Wang et al., 2002; Ochsner et al., 
2005). 
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Beside the typical commonly used single probe, dual probe and multi probes, there are several 
other special probe designs. A DPHP-TDR probe was designed to combine the DPHP for soil 
thermal property measurement and TDR for θ measurement (Baker and Goodrich, 1987; Noborio 
et al., 1996), and it can be used to measure all three soil thermal properties, as well as θ, ρb, EC, 
and salt concentration simultaneously (Ren et al., 1999, 2003a; Bristow et al., 2001; Mori et al., 
2003; Lu et al., 2013; Liu et al., 2014). 
A multi-functional probe with one heater and four sensors, combined with four aluminium 
ring electrodes working as the Wenner array were designed to measure soil thermal properties, θ, 
and EC at small scales simultaneously (Valente et al., 2006). A five-needle multi-probe with one 
heater, two long sensors and two short sensors was built to numerically evaluate the probe 
sensitivity to smaller water fluxes (Saito et al., 2007). Within each sensor needle of the five-needle 
multi-probe there are three or four thermistors placed at different locations. 
A ring shape heat pulse probe was developed to measure λ of rocks, allowing a smaller 
sampling size and shorter heating time (Somerton and Mossahebi, 1967). Following Somerton 
and Mossahebi, a similar button heat pulse probe without needles was made and tested for θ 
measurement (Kamai et al., 2009). 
As the accuracy of the dual probe is affected by needle deflections, a partial cylindrical 
thermo-TDR sensor was designed to make the sensors stronger to reduce the needle deflections 
(Olmanson and Ochsner, 2008). Kasubuchi (1977) designed a twin cylindrical probe to measure 
λ of soil, consisting of the same two single probes. One of the single probe measures the reference 
material with known λ and another probe measures the soil. Changes in the temperature of two 
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probes are drawn, and the tangent of the line is the ratio of the λ between the two materials. The 
advantage of the twin cylindrical probe is that calibration is eliminated. 
2.3.2 Active heated fibre optic-distributed temperature sensing system 
The fibre optic-DTS system was first developed for fire monitoring, pipeline monitoring, and 
other industrial applications in the 1980s (Tyler et al., 2009). It is a relatively new technique in 
hydrology to measure and monitor temperatures of ground surface (Freifeld et al., 2008), 
snowpack base (Tyler et al., 2008), lake bottom, mine shaft, and stream (Selker et al., 2006b) and 
was introduced in soil science recently to measure soil temperature, soil thermal properties and θ 
(Weiss, 2003). 
The DTS system sends a pulsed laser into the fibre optic cable, and parts of the laser pulse are 
reflected back along the cable with either an original, longer or shorter wavelength. The reflections 
with shorter or longer wavelengths are called Anti-Stokes backscatter or Stokes backscatter, 
respectively (Selker et al., 2006b; a; Sayde et al., 2010). Since the amplitude of the Anti-Stokes 
backscatter is sensitive to temperature, the Stokes/Anti-Stokes ratio can be used to calculate soil 
temperature (Weiss, 2003; Selker et al., 2006b; a). By reading the return time of the laser, it is 
possible to determine the distance from where the light was reflected. Therefore, the temperature 
along the entire length of the fibre optic cable can be obtained.  
As the fibre optic-DTS system provides soil temperature measurements at much higher spatial 
and temporal frequencies than any previous measurement method (Tyler et al., 2009), it is possible 
to use the temperature change information and the fact that soil water influences soil thermal 
properties (Steele-Dunne et al., 2010) to estimate θ along the entire length of fibre optic cable. As 
it does not require an external heat source, this method is considered a  passive fibre optic-DTS 
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method (Steele-Dunne et al., 2010). However, its application is limited when there are insufficient 
diurnal temperature changes, and calibrations are required as a result of the uncertainty and non-
uniqueness of the λ(θ) relationship. 
By contrast, the AHFO-DTS method was developed to detect soil water intrusions into a 
landfill cap in order to prevent underground water contamination (Weiss, 2003). This method 
utilizes knowledge of the soil thermal response as a function of θ. In the AHFO-DTS method, a 
metal sheath armoring the fibre optic cable serves as an electrical heater to actively heat the 
surrounding soils, while the resulting temperature changes are measured by the fibre optic cable 
within the sheath and recorded by the DTS system (Ciocca et al., 2012). The SPHP based AHFO-
DTS method of analyses can be used to determine λ (Freifeld et al., 2008). Soil water content can 
then be inferred using the relationships between θ and λ (Ciocca et al., 2012), the maximum 
temperature increase (Tmax, K) (Striegl and Loheide, 2012), or the cumulative temperature increase 
(Tcum, K s) (Sayde et al., 2010, 2014). 
By installing two or more fibre optic cables paralleling each other, C was measured by the 
AHFO-DTS based on the DPHP principles, and then θ was obtained by the linear relationship 
between C and θ (Benítez-Buelga et al., 2014). However, the DPHP based AHFO-DTS requires 
two or more cables buried in the soil parallel each other which is difficult to control in practice 
(Striegl and Loheide, 2012; Benítez-Buelga et al., 2014; Sayde et al., 2014) 
The AHFO-DTS system has been widely tested in the laboratory and field (Sayde et al., 2010, 
2014; Ciocca et al., 2012; Striegl and Loheide, 2012), and the advantages of the AHFO-DTS 
system are obvious: 1) it extends the measurement scale from the traditional point scale to an 
intermediate scale of up to 30 km along the fibre optic cable (Selker et al., 2006b), 2) it has a 
42 
temperature resolution of 0.01 ˚C, spatial resolution of 20 cm, and temporal resolution of 1s 
(Selker et al., 2006a), 3) it can be applied in many situations, such as soils, lake bottoms, mine 
shafts, air-snow interfaces, air-water interfaces, and streams (Selker et al., 2006b), 4) it can be 
used to measure several soil properties and hydrological processes, such as soil temperature and 
its gradients in time and space, soil thermal properties, θ, soil energy balance, groundwater inflow, 
soil water movement and wetting bulbs (Selker et al., 2006b; Striegl and Loheide, 2012; Gil-
Rodríguez et al., 2013; Read et al., 2014; Sayde et al., 2014), and 5) it can be automated and are 
user-friendly. 
Currently, the AHFO-DTS method also has several limitations:  
1) The SPHP based AHFO-DTS method can obtain λ and θ, but not C or α. Moreover, θ is 
derived from the relationship between λ (or Tmax, Tcum) and θ, which are soil specific relationships 
that require soil specific calibrations (Steele-Dunne et al., 2010; Sayde et al., 2010; Ciocca et al., 
2012). 
2) The DPHP based AHFO-DTS method can measure both C and θ, but soil ρb and the specific 
heat capacity of solids are required for calibration (Benítez-Buelga et al., 2014). 
3) For the SPHP based AHFO-DTS method, the measurement errors are relatively large at the 
middle and high range of θ (Ciocca et al., 2012; Striegl and Loheide, 2012). For the DPHP based 
AHFO-DTS method, the accuracies need to be improved, especially at the lower range of θ 
(Benítez-Buelga et al., 2014). 
4) The accuracy of the AHFO-DTS system is affected by many factors, including the fibre 
optic cable design, signal size, instrument configuration, the cable-to-DTS connection quality, and 
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the operator’s skill (Tyler et al., 2009; Rose et al., 2013; Krause et al., 2014; Suárez, 2014). 
Calibrations accounting for signal attenuation and temperature offset are also required in order to 
obtain accurate temperature readings. 
2.4 Oil Sands Mature Fine Tailing 
With an estimated reserve of 1.7 trillion barrels (Allen, 2008; Han et al., 2009), northern 
Alberta, Canada has the largest oil sands reserves in the world (Garven, 1989; Madill et al., 2001). 
Currently, more than 1.3 million barrels are extracted daily, and the production is expected to 
reach 3 million barrels per day by 2018 with new projects added annually (Chen et al., 2013). 
Following the surface mining, bitumen is separated from the oil sands ore by a warm water 
based extraction process, resulting in tailings that is a slurry mixture of about 70% waste water, 
30% solids, and some non-recovered bitumen (Herman et al., 1994; Chen et al., 2013). The tailings 
mixture is called fluid fine tailing (FFT) and is conventionally deposited hydraulically in on-site 
tailing ponds (Penner and Foght, 2010). Once FFT have undergone some degree of consolidation 
and the sand settles down to the bottom of the pond, they are referred to as mature fine tailings 
(MFT). The MFT take around 100 years to dewater from the fluid state without any further 
intervention (Chalaturnyk et al., 2002; Farkish and Fall, 2013). The Canadian oil sands industry 
generates approximately 2500 m3 of MFT per 1000 m3 of synthetic crude oil daily, and around 
7.5 × 108 m3 of MFT has accumulated in tailing ponds in the Alberta oil sands region (Luna Wolter 
and Naeth, 2014). Therefore, managing large volumes of MFT for reclamation has remained a 
challenge for the oil sands industry since oil sands mining began four decades ago (Dobchuk et 
al., 2013).  
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2.4.1 Monitoring oil sands mature fine tailing consolidation 
The management of mature fine tailing (MFT) deposits is a critical element of both mine 
operations and future mine closure plans. The oil sand industry uses a wide variety of physical 
and chemical methods in an attempt to accelerate the solidification process for re-vegetation 
(Chalaturnyk et al., 2002; Proskin et al., 2010; Dobchuk et al., 2013; Farkish and Fall, 2014), but 
a technique to characterize the spatial and temporal distribution of MFT dewatering in tailings 
ponds is critically needed (Dobchuk et al., 2013). 
A direct indicator of solidification success is an increase in ρb of the MFT. The most 
commonly used methods to measure soil ρb are: the core method, the clod method, the excavation 
method and the gamma ray attenuation method (Dane and Topp, 2002). The core, clod, and 
excavation methods are destructive, not repeatable, and cannot be automated. The gamma ray 
attenuation method is nondestructive to MFT, has sufficient depth resolution, and enables 
measurements in transient systems with considerable precision. However, the gamma ray 
attenuation instrument is radioactive, heavy, and cannot be automated. There is also a restriction 
on the use of radioactive sources by the Canadian government.  Soil water content θ can be used 
to monitor the consolidation process of MFT; however, none of available methods can be used for 
long-term automated measurement on multiple locations and depths in the tailing ponds, because 
of the salinity. Therefore, a nonradioactive, continuous, and automated method is needed to 
monitor the MFT solidification process. 
Ochsner et al (2001b) and Liu et al (2008b) used the combined heat pulse probe-TDR 
technique to determine ρb of soil, displaying the potential of the DPHP as an automatic and 
nonradioactive method to monitor in situ soil ρb. In their methods, the probe served as both the 
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dual heat pulse probe and TDR probe. The C of MFT was obtained from the heat pulse probe 
measurement and θ was obtained from the TDR measurement, and ρb was then obtained from: 
θsa = (𝐶 − ρb𝑐s)/(𝑐wρw)                                              (Eq. 2.20) 
Where θsa is the saturated water content (m3 m-3); cs and cw are the specific heat capacity of 
MFT solids and water, respectively (J kg-1 K-1); and ρw is the density of water (kg m-3). 
However, there are no studies describing the use of an independent DPHP to measure ρb of 
MFT. The DPHP also has not been tested in a suspension system like the MFT (Fig. 2.4), which 
is very different from the normal field soils. 
 
Fig. 2.4. Photo of an oil sands mature fine tailing sample 
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3 MEASURING SOLID PERCENTAGE OF OIL SANDS MATURE FINE 
TAILINGS USING THE DUAL-PROBE HEAT PULSE METHOD1 
3.1 Preface 
The dual-probe heat pulse (DPHP) method has been widely used for the thermal properties 
and water content measurement of soils and rocks. However, the performance in the saturated 
media such as oil sands mature fine tailing (MFT) is unknown. The MFT is quite different from 
natural field soils, in which solid particles dispersed in water. To the best of our knowledge, there 
are no studies describing the use of an individual heat pulse probe method to measure the bulk 
density (or solid percentage) of a medium (soil or MFT), without additional water content 
measurement in the medium. In this chapter, the feasibility of the DPHP method for MFT’s solid 
percentage measurement was examined. 
 
  
                                                 
1 This chapter has been published previously in Li, M., S. L. Barbour, and B. C. Si. 2015. Measuring solid 
percentage of oil sands mature fine tailings using the dual probe heat pulse method. Journal of Environmental Quality. 
44(1): 293-298. doi: 10.2134/jeq2014.06.0262. The published paper was also invited to publish a summary in Li, M., 
S. L. Barbour, and B. C. Si. 2015. Consolidation of oil sands mature fine tailings using the heat pulse probe. CSA 
News Magazine. 60: 15-15. doi:10.2134/csa2015-60-2-6. The co-author contributions to this manuscript were greatly 
appreciated and consisted of: S.L. Barbour (provided methodological guidance and manuscript editing) and B. C. Si 
(provided financial assistance, methodological guidance, laboratory work support, and manuscript editing). Minor 
modifications have been made for consistency. 
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3.2 Abstract 
The reclamation of mature fine tailings (MFT) is a critical challenge for the oil sands industry 
in Western Canada, and a nonradioactive, automated and inexpensive method to monitor the MFT 
solidification is needed. The objective of this paper is to evaluate the feasibility of a dual-probe 
heat pulse (DPHP) method to measure MFT solid percentage. Three MFT samples, each at various 
solid percentages, were measured by the DPHP method. A linear relationship y = 0.9495x + 0.0558 
was established between the DPHP measured solid percentage (y) and that of oven-drying method 
(x). Additional six MFT samples were collected and measured to validate the DPHP method. The 
specific heats of the six MFT solids were measured independently using a modulated differential 
scanning calorimetry (MDSC) method, and the sensitivity of DPHP measured MFT solid 
percentage to the specific heat of MFT solids was evaluated. The result shows that the DPHP 
method can be used to accurately measure MFT solid percentages, and the accuracy can be further 
improved if the specific heat of the MFT solids is measured independently. 
3.3 Introduction 
Canada has the largest oil sands reserves in the world (Rowland et al., 2009; Penner and Foght, 
2010). The extraction of bitumen from mined oil sands generates a large volume of fluid fine 
tailings (FFT) - a high water content mixture of water, sand, fines (silt and clay < 50 μm in 
diameter), and residual hydrocarbons. The standard industry practice to deal with the byproducts 
is to hydraulically place these tailings into large surface impoundments or in mined out pits. 
Following an initial stage of sedimentation and self-weight consolidation, the larger particles settle 
to the bottom leaving a thick slurry layer known as mature fine tailing (MFT), which is comprised 
of about 70 % water and 30 % solids. Without any further intervention, MFT could take hundreds 
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of years to consolidate sufficiently to act as a weight bearing soil (Chalaturnyk et al., 2002; Farkish 
and Fall, 2013). As a consequence, managing these large volumes of mine tailings has been a 
challenge for the oil sands industry since oil sands mining began four decades ago (Renault, 2003; 
Dobchuk et al., 2013). 
 The industry is utilizing a wide variety of methods in an attempt to accelerate the 
consolidation process (Redfield et al., 2003; Farkish and Fall, 2013). A direct measure of the 
consolidation success is the dry bulk density (ρb, kg m-3), which is the dry solid mass (msolid, kg) 
in a unit volume of MFT. An alternative measurement often used by industry is the solid 
percentage (msolid in a unit mass of MFT). The standard method for measuring ρb is the Gamma 
ray attenuation method (Costa et al., 2013). This non-destructive method has a good depth 
resolution and enables measurements in transient systems with considerable precision (Dane and 
Topp, 2002). However, Gamma ray equipment is heavy, radioactive, and non-automatic. It is also 
time-consuming to measure the ρb of MFT at different sites and depths. Soil water content (θ, m3 
m-3) is another indication to monitor the consolidation process of MFT; however, none of available 
methods can be used for long-term automated measurement on multiple locations and depths in 
the tailing ponds. Therefore, an alternative automated, inexpensive and clean method to evaluate 
the MFT consolidation is of value. 
 The heat pulse probe method has been widely used in soil science to determine soil thermal 
properties (Bristow et al., 1994b; Abu-Hamdeh, 2001). It is nonradioactive, light, and compact 
and easily automated. The single-probe heat pulse (SPHP) method can be used to determine soil 
thermal conductivity (λ, W m-1 K-1) (de Vries, 1952; Tarnawski et al., 2009) whereas a DPHP 
method has been used to measure λ (Kluitenberg et al., 2010), thermal diffusivity(α, m2 s-1) (Liu 
et al., 2013a), and volumetric heat capacity (C, J m-3 K-1) (Campbell et al., 1991). The C of soil is 
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a function of ρb and θ. If ρb is known, the DPHP method can be used to measure θ (Bristow et al., 
1993) from C. Inversely, Ochsner et al. (2001b) and Liu et al. (2008b) tried to measure ρb using a 
DPHP-time domain reflectometry (DPHP-TDR) combined technique, by measuring C from the 
DPHP method and volumetric θ from the TDR. However, due to the high salinity of MFT, it is 
not possible to measure θ of MFT using TDR. Therefore, a simple nonradioactive method is 
needed for measuring solid percentage of MFT. To the best of our knowledge, there are no studies 
describing the use of an individual heat pulse probe method to measure ρb (or solid percentage) of 
a medium (soil or MFT), without additional θ measurement in the medium. 
 The objective of this study was to evaluate the potential use of the DPHP method to 
measure the solid percentage of MFT. There are three important differences between natural field 
soils and oil sands MFT, which have to be addressed in undertaking this evaluation. Firstly, the 
ρb of soil in the natural sites usually keeps constant over long time periods. As a result, there is 
small temporal variability. However, both ρb and θ of MFT keep changing considerably during 
consolidation and a better measurement method is needed as mentioned above. In addition, MFT 
is always a suspension with different water content in a sense that solid particles suspend in liquid, 
while soil is a porous medium with water filled in the pore space between solid particles. Little is 
known about the performance of heat pulse probe method in these media. Finally, the volume of 
water is temperature dependent; because of the diurnal and seasonal changes of temperature of 
MFT, the solid percentage is more accurate and convenient in practice compared to ρb, as the 
volume measurement is avoided. 
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3.4 Materials and Methods 
3.4.1 Dual-probe heat pulse theory 
A dual probe can be used to estimate soil thermal properties by releasing a short pulse of heat 
and measuring the concomitant temperature response of the soil to the heat pulse (Liu and Si, 
2008). A typical DPHP has two needles: a heater needle to provide the heat pulse and a sensor 
needle to measure the temperature response of the soil. The temperature change (ΔT, K) at a radial 
distance of r (m) from an infinite line heat source due to a heat pulse duration t0 (s) in an infinite 
soil can be expressed (Kluitenberg et al., 1993) as 
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where t is time (s), q is the rate of heat liberated (W m-1), α and C are the thermal diffusivity (m2 
s-1) and volumetric heat capacity (J m-3 K-1) of soil, respectively; and Ei(-x) is the exponential 
integral. 
The single-point method and the non-linear fitting method are two methods that are used to 
calculate the thermal properties using the pulsed infinite line source DPHP method. The 
comparison of these two methods was conducted by Bristow et al. (1995). Equation 3.1 produces 
identifiable and unique C and α value from the maximum-temperature single-point method 
(Kluitenberg et al., 1993; Bristow et al., 1994b). As the noise or error of the single-point can 
produce large errors in the calculated C and α (Bristow et al., 1995), the nonlinear least squares 
fitting of Eq. 3.1 to experimental data points in this study was used to obtain a set of C and α value 
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for each sample. The thermal conductivity (W m-1 ˚C-1) of soil can be obtained by λ = C × α. 
Mathcad15.0 (PTC Inc., Needham, MA) software was used for the curve fittings and calculations, 
and the “minimize” function with the conjugate gradient algorithm was used for the nonlinear 
curve fitting. 
The saturated volumetric water content (θsa, m3 m-3) of MFT is a function of its C (Bristow et 
al., 1993) as follows 
θsa = (𝐶 − ρb𝑐s)/(𝑐wρw)                                               (Eq. 3.2) 
where ρb is the bulk density of MFT (kg m-3), cs is the specific heat of oven-dried MFT solids (J 
kg-1 K-1), cw is the specific heat of water (cw = 4180 J kg-1 K-1 at 20 ˚C), and ρw is the density of 
water (ρw =1000 kg m-3). Because the amount of residual hydrocarbons in MFT is less than 1 to 
3 % by weight (Chalaturnyk et al., 2002; Ramos-Padrón et al., 2011), the effects of hydrocarbons 
on specific heat of water, density of water and particle density of solids are negligible. The ρb of 
MFT can be related to θsa by 
ρb = (1 − θsa)ρp                                                              (Eq. 3.3) 
where ρp is the particle density of MFT solids (ρp = 2650 kg m-3, corresponding to the typical 
particle density of soil mineral. The effect of the small amount of hydrocarbons is ignored). 
Substituting Eq. 3.3 into Eq. 3.2, we obtain 
  θsa = (𝐶 − ρp𝑐s)/(𝑐wρw − ρp𝑐s)                                          (Eq. 3.4) 
where cw, ρp, and ρw are constants. Unique θsa value can be obtained from Eq. 3.4 by measuring 
C by DPHP method and knowing cs. The solid percentage can be calculated as follows 
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𝑠𝑜𝑙𝑖𝑑⁡𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = ρp(1 − θsa) [ρp(1 − θsa) + θsaρw]⁄                      (Eq. 3.5) 
3.4.2 Modulated differential scanning calorimetry 
As mentioned above, the specific heat of MFT solids cs is required to calculate θsa and solid 
percentage of MFT. To evaluate the value of an independent measurement of cs, an improved 
differential scanning calorimetry (DSC) method was used to obtain better estimation of cs. The 
DSC determines the temperature and heat flow associated with material transitions as a function 
of time and temperature, whereas the MDSC combines traditional DSC and temperature 
modulated calorimetry (Kozlowski, 2012). It is a thermo analytical technique to measure 
evaporation, crystallization, melting, and specific heat of a dry material. The MDSC is a new 
technology to measure the specific heat (Reading et al., 1994). However, only a few researchers 
(Smidt and Tintner, 2007; Liu and Si, 2011a; Kozlowski, 2012) have applied it to soil samples. 
The MDSC machine (Model Q2000, TA instruments, New Castle, DE) was used to measure the 
specific heat of oven-dried MFT solids samples (Fig. 3.1). 
 
Fig. 3.1. Photo of a modulated differential scanning calorimetry system manufactured by TA 
instruments. 
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The MDSC technique uses two simultaneous heating rates: a linear heating rate that provides 
information similar to standard DSC, and a sinusoidal modulated heating rate that permits the 
specific heat measurement. It measures the difference between a sample and a reference in the 
amount of heat required to increase the temperature by one unit as a function of time (Liu and Si, 
2011a). The DSC heat flow signal ( , ) /dH T t dt  (J s-1) is a function of specific heat c (J kg-1 K-1) 
as 
𝑑𝐻(𝑇,𝑡)
𝑑𝑡
= 𝑐𝑚
𝑑𝑇
𝑑𝑡
+ 𝑓(𝑇, 𝑡)                                               (Eq. 3.6) 
where T is temperature (˚C), t is time (s), m is the sample mass (kg), 𝑑𝑇/𝑑𝑡 is the heating rate, 
𝑓(𝑇, 𝑡) is the non-reversing (kinetic) heat flow, and cmdT/dt is the reversing heat flow. The 
temperature change of the sample as a function of t under a heat flow signal was recorded by the 
MDSC machine, and the specific heat can be obtained through the TA Universal Analysis 
software (TA instruments, New Castle, DE).  
Most reports used simultaneous reversing and non-reversing heat flows for specific heat 
measurement (Reading et al., 1994; Smidt and Tintner, 2007; Liu and Si, 2011a; Kozlowski, 2012). 
The non-reversing heat flow increases the sample temperature with a constant rate and the 
reversing heat flow adds a sinusoidal signal to measure the specific heat at that temperature. In 
order to obtain accurate results, Thomas (2005) suggested using longer modulation period to allow 
sufficient time for complete heat transfer from DSC machine to sample. However, smaller average 
heating rate results in a less accurate total heat capacity signal to obtain absolute specific heat 
values.  
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The specific heat of MFT solids can either be assumed as 750 J kg-1 K-1 for all samples or 
measured by an independent MDSC method. Therefore, the sensitivity of solid percentage on cs 
was analyzed to determine whether an independent cs measurement is needed to satisfy the 
required accuracy. Based on the concept of small perturbation (Yeh, 1986), the absolute change 
of solid percentage (Δsp, %) caused by small increment or decrement of cs (Δcs, J kg-1 K-1) can be 
calculated by substituting Eq. 3.4 and 3.5 into: 
∆𝑠𝑝 = 𝑠𝑝(𝑐s + ∆𝑐s) − 𝑠𝑝(𝑐s)                                         (Eq. 3.7) 
where sp(cs) represents solid percentage as a function of cs. 
3.4.3 Mature fine tailing samples and measurement 
Three MFT samples were taken at different locations from the surface of the Syncrude’s 
Aurora Mine MFT ponds in Alberta, Canada. Samples were collected and put into buckets and 
shipped to the University of Saskatchewan for laboratory measurements. The solid percentages of 
three samples were 70.4, 50.8, and 40.7 % as determined by the oven-dry method. The textures of 
all three samples were silt loam (U.S. Department of Agriculture Classification) as tested by the 
Coulter laser diffraction method (Coulter, 2011). In order to create a wider range in solid 
percentage, each MFT sample was diluted to three to five different solid percentages by adding 
distilled water to the sample and mixing it uniformly. In this way, samples with twelve different 
solid percentages (ranges from 20.9 to 70.4 %) were obtained from the three samples. After each 
heat pulse probe measurement, a subsample was taken to obtain the solid percentage by the oven-
dry method. 
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To validate our measurement results from three MFT samples, six more samples were 
collected at different locations and at depths from 8 m to 45 m within the Aurora Mine MFT ponds. 
The range of solid percentage of the six MFT validation samples covers all possible solid 
percentages in the ponds. The different depths also correspond to different times of deposition. 
The samples were obtained using a piston suction sampler lowered from a boat using a wire line. 
Following retrieval the sample was extruded into a container under atmospheric conditions. The 
samples were then sealed and shipped to the University of Saskatchewan laboratory for analyses. 
The locations and physical properties of these six validation samples are listed in Table 3.1. All 
six validation samples had the texture of a silt loam.  
Table 3.1. Depth, location, particle size distribution, texture and pH of six validation samples. 
Sample 
Depth 
(m) 
UTM-East 
(m) 
UTM-North 
(m) 
Clay 
(%) 
Silt 
(%) 
Texture 
(-) 
pH 
(-) 
1 8.0 462006 6317800 21 78 Silt loam 7.6 
2 9.5 461224 6317243 18 81 Silt loam 6.7 
3 19.5 461224 6317243 26 74 Silt loam 7.9 
4 35.0 461194 6318606 20 71 Silt loam 7.5 
5 38.0 462376 6319428 14 59 Silt loam 7.3 
6 45.0 461903 6318397 17 75 Silt loam 7.4 
The dual probe used in this study was similar to Liu and Si (2010). It has five needles: one 
heater needle and four temperature sensor needles at different locations on the circumference for 
replications. All needles are 28 mm in length. The heater needle is at the centre of a square and 
there is a temperature needle at each corner of the square. Each temperature needle is around 6 
mm from the heater needle. The apparent needle spacing was calibrated using water stabilized 
with 5 kg m-3 of agar (Liu and Si, 2008). A thermistor (10 kΩ at 25 oC, Model 10K3MCD1, 
BetaTHERM Corp., Shrewsbury, MA) was placed in the center of each needle. A two-loop 
nichrome wire (Nichrome A, electrical resistance is 205 Ω m-1, Pelican Wire Co., Naples, FL) was 
inserted into the heater needle. 
56 
The needle was secured into a predrilled hole in a 32-mm-diameter and 32-mm-long plastic 
plug. The plug was then installed at the bottom of a cylindrical PVC container which works as a 
soil column. The soil columns were 4.5 cm high and 11 cm in diameter. The ends of heating wire 
and thermistor of the probe were soldered to 18 AWG electrical wires and connected to a 
datalogger. More detailed information on probe construction and setup can be found in Mori et al. 
(2003) and Liu and Si (2010). A datalogger (Model CR10X, Campbell Scientific, Logan, UT) and 
multiplexers (Model AM16/32, Campbell Scientific, Logan, UT) were used to control the heat 
pulse, to monitor the electric current through the heater, and to measure the temperatures as a 
function of time. Heat pulse measurements consisted of a 180 s sequence (1 s measurement 
interval) including 8 s heating (q ~ 45 W m-1). The q values were inferred from the measured 
voltage drop across a precision 1 Ω resistor. Each MFT sample was measured once by four sensors 
of the dual probe. 
Four temperature response curves by four sensor needles were obtained for each MFT sample 
during the same heat pulse released by the heater needle. The thermal properties were derived by 
fitting Eq. 3.1 to the temperature rise curves. The values of C, ρp, ρw, and cs were used to calculate 
θsa and solid percentage based on Eq. 3.4 and 3.5. To obtain cs values for each MFT solids by the 
MDSC method, three replicates of each MFT solids (msoil ≈ 10 mg) were prepared by compressing 
a sample of MFT solids into a hermetic aluminum pan (m ≈ 55 mg). The small samples were put 
in the MDSC machine and equilibrated at 20 ˚C followed by a modulated temperature at ±0.5 ˚C 
every 120 s. This temperature condition was kept for five minutes while the temperature data was 
recorded for 10 minutes. A plot of the reversing specific heat signal versus time from the TA 
Universal Analysis software provided the specific heat of the samples at 20 ˚C. The MDSC was 
calibrated by using a standard sample with a known specific heat (sapphire, in this study). 
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Subsamples were taken and the wet and oven-dried weights of MFT subsamples were also 
obtained. These subsamples were oven-dried for 72 hours at the temperature of 65 ˚C. The lower 
temperature as opposed to 105 ˚C was selected to prevent loss of hydrocarbons.  
3.5 Results and Discussion 
A typical temperature-time curve for the MFT samples is presented in Fig. 3.2A. Heat was 
released into the soil for 8 s and the temperature at the first measurement needle began to increase 
noticeably after about 10 s, reaching a maximum temperature at around 20 s. Equation 3.1 
provides an excellent fit to the experimental data (Fig. 3.2A), and C and α of the MFT sample 
were obtained by fitting the theoretical curve to the experimental data with the nonlinear least 
squares method. 
In order to obtain MFT water content, the specific heat of dry MFT must be known (Eq. 3.2). 
There has been a range of values of specific heat for mineral soils reported in the literature (Liu 
and Si, 2011a) and the specific heat of mineral soils measured by the DPHP method ranged from 
800 to 1000 J kg-1 K-1, which were overestimated compared to the standard DSC method. 
Therefore, the solid percentages of three MFT samples were inferred by assuming cs of all MFT 
samples to be 750 J kg-1 K-1, which corresponding to the typical specific heat of mineral soil 
measured by DSC (Liu and Si, 2011a). 
The influence of hydrocarbons on the specific heat of MFT solids will be discussed in a later 
section. There were two reasons for this assumption. Firstly, the MFT is composed of much more 
homogenous fines (silt and clay particles) than natural soils. Consequently, the specific heat of 
MFT minerals has less variation than natural soils. Secondly, the amount of solid hydrocarbons 
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in MFT is more than that in natural soils, but still negligible compared to the fines, so the 
contribution of hydrocarbons to the total C of MFT can be ignored. 
The results of DPHP measured solid percentages of three MFT samples at different θ were shown 
in Fig. 3.2B. It is evident that the DPHP measured solid percentages has a linear relationship with 
that of oven-dry method (
20.9495 0.0558, 0.95y x r   ). The small standard deviations (as 
shown by error bars) indicated that the good repeatability of the measurements between the four 
temperature sensors of the probe. Therefore, the DPHP method is precise and accurate in 
measuring MFT solid percentage. It is of note that convection in MFT is negligible due to the 
viscous nature of the MFT mixture. This is also supported by the linear relationship between the 
DPHP measured solid percentage and the oven-dry method (Fig. 3.1). However, the development 
of free convection in very dilute MFT suspensions is likely. 
The λ of six validation MFT samples ranged between 0.79 and 1.09 W m-1 with C between 
2.76×106 and 3.81×106 J m-3 K-1 (Table 3.2). This corresponded to α values between 2.09×10-7 
and 3.96×10-7 m2 s-1. The values of thermal properties were in reasonable ranges compared to 
other reports (Noborio et al., 1996; Bristow, 1998; Mori et al., 2003). The water content of the 
MFT samples decreased with increasing depth (Table 3.2). This decrease in water content is 
associated with a decrease in C and an increase in λ and α (Table 3.2) due to the higher C and 
lower λ of water relative to the MFT solids.  
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Fig. 3.2. (A) Measured temperatures by four sensors and fitted curve for the 1st sensor of testing 
sample 3 at 70 % solid percentage following an 8 s duration heat pulse; and (B) Scatter plot of 
measured solid percentage from the dual-probe heat pulse method and that of oven-dry method for 
three mature fine tailing samples. 
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Assuming that the specific heats of MFT solids (cs) of six validation MFT samples were 750 
J kg-1 K-1, the solid percentages were calculated from DPHP measurements. Based on the linear 
equation in Fig. 3.2B, the DPHP method provided good estimate of the MFT solid percentage 
(Fig. 3.3), even though each MFT sample in this study contains different amount of hydrocarbons. 
The different choices of default cs value cause underestimation or overestimation of solid 
percentage. However, the underestimation or overestimation can be eliminated by calibration. In 
order to determine if the estimation of solid percentage by the DPHP is sensitive to the actual cs 
values of each MFT sample, the cs of MFT was measured independently using the MDSC method.  
The temperature of MFT ponds varied between 0 to 25 ˚C. Within this temperature range, the 
dependence of specific heat on temperature has a negligible effect on estimated thermal properties 
of MFT samples (Liu and Si, 2011). For convenience, all the samples in this study were 
equilibrated initially at 20 ˚C (instead of heating up) followed by application of the modulated 
heat flux. Fig. 3.4 is an example from TA Universal Analysis software. It shows that the 
measurement of specific heat value took about 8 minutes (i.e., after 4 modulation cycles) to 
converge to a stable range. This indicates that reliable soil specific heat values can be obtained 
only after a minimum number of modulation cycles at certain temperature.  
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Table 3.2. Thermal properties and water content of six validation samples by dual-probe heat pulse 
measurement assuming the specific heats of all mature fine tailing solids are 750 J kg-1 K-1. 
Sample 
Thermal 
conductivity 
(W m-1 K-1) 
Volumetric 
heat capacity 
(×106 J m-3 K-1) 
Thermal 
diffusivity 
(×10-7 m2 s-1) 
Volumetric 
water content 
(%) 
1 0.79 (0.014†) 3.81 (0.42) 2.09 (0.05) 83 (1.9) 
2 0.87 (0.036) 3.79 (0.92) 2.29 (0.15) 83 (4.2) 
3 0.89 (0.032) 3.71 (0.67) 2.41 (0.08) 79 (3.1) 
4 0.93 (0.027) 3.52 (0.82) 2.66 (0.07) 70 (3.8) 
5 1.09 (0.082) 2.76 (0.20) 3.96 (0.49) 36 (9.1) 
6 1.05 (0.021) 3.13 (0.13) 3.36 (0.13) 53 (5.9) 
† Numbers in bracket stands for standard deviations of four replicates. 
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Fig. 3.3. Plot of predicted solid percentages from the dual-probe heat pulse method and that of 
measured by oven-dry method for six validation samples. 
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Fig. 3.4. An example of the specific heat (cs) as a function of time (t) curve of one mature fine tailing 
sample from the modulated differential scanning calorimetry measurement. 
The specific heats of the solids of the six MFT validation samples were 737, 769, 749, 772, 
688, and 662 J kg-1 K-1. These values are close to the default value, but still different from each 
other (within 750 ± 88 J kg-1 K-1). Using each sample’s actual cs values from the MDSC 
measurement for the MFT resulted in an improvement of the solid percentage estimate, 
particularly at high solid percentages (Fig. 3.3). However, independent measurements of cs in the 
laboratory is not convenient for field measurement, so the sensitivity of MFT solid percentage on 
cs was analyzed using Eq. 3.7. Note that C in Eq. 3.4 is not a constant. Therefore, Δsp values over 
a wide range of C and Δcs for given cs = 750 J kg-1 K-1 are shown (Fig. 3.5).  
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Fig. 3.5. Sensitivity of the solid percentage (Δsp) towards the specific heat (cs) of MFT solids at 
different volumetric heat capacities (C) of MFT when the specific heat of  solids is assumed 750 J m-
3 K-1. 
The use of maximal and minimal cs values (772 (= 750 + 22) J kg-1 K-1 and 662 (= 750 - 88) 
J kg-1 K-1) caused, at most, 1.1 % and -4.1 % changes to the absolute MFT solid percentage values, 
respectively. If a more accurate default cs was chosen (i.e. 715 J kg-1 K-1), then the range of cs in 
the MFT pond would be 715 ± 60 J kg-1 K-1, and Δsp is less than 3.0 %. Therefore, independent 
measurement of cs is not necessary for typical oil sands MFT, especially when the HPDP method 
was used to monitor the MFT solid percentage changes rather than the absolute values. However, 
if the variance of cs is more than that in this study or this method is used in other saturated media, 
the MDSC method may require accurate cs values of each sample. 
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3.6 Conclusions 
Our experiment demonstrated that the DPHP method is accurate in determining solid 
percentage of MFT. There is a linear relationship between the DPHP-measured MFT solid 
percentage and that of the oven-dry method. The accuracy of DPHP-obtained MFT solid 
percentage can be further improved by measuring the specific heat of different MFT samples using 
the MDSC method. This accurate, inexpensive, and automated method can be easily adapted to 
monitor the thermal properties and the solid percentage of MFT in the oil sand tailing ponds. 
Multiple dual probes can be installed at different depths and locations in MFT ponds for 
determining the thermal properties, water content, and solid percentage during the MFT 
solidification process. 
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4 SINGLE-PROBE HEAT PULSE METHOD FOR SOIL WATER 
CONTENT DETERMINATION: COMPARISON OF METHODS2 
4.1 Preface 
Chapter 3 shows that the dual-probe heat pulse (DPHP) can be used for oil sands mature fine 
tailings’ solid percentage measurement. However, the DPHP is subject to large errors due to the 
needle deflections when the dual probe is used in natural soils, especially those with a high clay 
content. This problem can be avoided by the single-probe heat pulse (SPHP). Therefore, 
developing the SPHP for both soil thermal properties and soil water content (θ, m3 m-3) 
measurement to eliminate the drawbacks of the DPHP would be beneficial. In this chapter, the 
possibility of θ determination by the SPHP was tested and six different methods of data 
interpretation (λ, TNcum, and TNmax , as well as the reciprocal of each) applied in the AHFO-DTS 
technique were compared. 
 
  
                                                 
2 This chapter has been submitted for publication in Li, M., B. C. Si, W. Hu, and M. Dyck. Single-probe heat 
pulse method for soil water content determination: comparison of methods. Vadoze Zone Journal. The co-author 
contributions to this manuscript were greatly appreciated and consisted of: B. C. Si (provided financial assistance, 
methodological guidance, laboratory work support, and manuscript editing), W. Hu and M. Dyck (provided 
methodological guidance and manuscript editing). Minor modifications have been made for consistency. 
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4.2 Abstract 
The estimation of soil thermal conductivity (λ, W m-1 K-1) using the single-probe heat 
pulse (SPHP) method is well-known, but estimation of soil water content (θ, m3 m-3) using the 
SPHP is poorly understood. This study was to examine six methods – λ, normalized cumulative 
temperature increase (TNcum, K s m W-1), normalized maximum temperature increase (TNmax, K 
m W-1), and the reciprocals of each – for θ estimation using the SPHP. The temperature response 
curves of four soils at different θ were measured following 600-s heat pulses with heating strengths 
of about 6 W m-1, from which λ, TNcum, and TNmax values were determined. The maximal 
measurement errors of the three methods were 0.11 m3 m-3 for the coarse sand and 0.01 m3 m-3 
for the fine sand, sandy loam, and silty clay, except for 0.05 m3 m-3 for the fine sand by the λ(θ) 
method. The predicted θ from all of the λ, TNcum, and TNmax methods agreed well with that from 
the oven-dry method for all soils with exception given to the TNcum(θ) and TNmax(θ) methods for 
the coarse sand when θ > 0.20 m3 m-3. The measurement errors and θ predictions of the 1/λ(θ) 
method were similar to that of the TNcum(θ) and TNmax(θ) methods, and that of the 1/TNcum(θ) and 
1/TNmax(θ) methods were similar to that of the λ(θ) method. As each of the six methods worked 
well only for some soils, improved estimations were obtained when the λ(θ) method was combined 
with the 1/TNcum(θ) (or 1/TNmax(θ)) method for coarse textured soils, and the 1/λ(θ) method was 
combined with the TNcum(θ) (or TNmax(θ)) method for fine textured soils. 
4.3 Introduction 
Soil water plays an important role in the hydrological cycle and plant growth, so accurate and 
reliable techniques to measure θ are needed for precision irrigation management and hydrological 
modelling (Huisman et al., 2003; Dias et al., 2013). There are several instruments available to 
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measure θ, such as the frequently used time-domain reflectometry (TDR) and neutron scattering 
probe. The TDR provides convenient surface soil θ measurements, but it cannot be used in soils 
with high EC (Nadler et al., 1999; Steele-Dunne et al., 2010). The neutron scattering probe can be 
used to measure θ non-destructively at different soil depths, but it is costly and radioactive (Huang 
et al., 2012). In addition, the neutron probe requires a site-specific calibration and cannot measure 
θ in the surface 15 cm layer (Dane and Topp, 2002). Another inexpensive, nonradioactive and 
widely used θ measurement technique is the heat pulse probe, which is based on the dissipation 
of an applied heat pulse in the soil (Bristow et al., 1994a; Ochsner et al., 2003; Tarnawski et al., 
2009). The heat pulse probe method including the single-probe heat pulse (SPHP) and the dual-
probe heat pulse (DPHP), has the advantages of continuous measurement on soil thermal 
properties (and θ for the DPHP), even in surface layers (Xiao et al., 2012; Liu et al., 2013b; Zhang 
et al., 2014), and is not sensitive to soil salinity (Shaw and Baver, 1939; Bristow et al., 1994a; 
Tarnawski et al., 2011). Currently, the DPHP can be used to measure λ, thermal diffusivity (α), 
volumetric heat capacity (C), and θ, whereas the SPHP has only been used to measure λ. 
The SPHP method has been used to measure λ of dry and wet soils through the release of a 
continuous or a long heat pulse from the probe and then measure the temperature rise and/or fall 
in the same probe (Blackwell, 1954; de Vries and Peck, 1958b; Bristow et al., 1994b). However, 
there is limited progresses in obtaining soil thermal diffusivity (α, m2 s-1) or heat capacity (C, J m-
3 K-1) needed to calculate θ,  due to the unknown thermal contact conductivity (H, W m-2 K-1) at 
the boundary between the probe body and soil particles (Liu and Si, 2011a). Obtaining H from 
Blackwell (1954) small-time solution is difficult; several other solutions were provided, but they 
all require that C be known in advance (Moench and Evans, 1970; Jones, 1988b). 
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Contrary to the single probe method, the dual-probe heat pulse (DPHP) method releases a 
short heat pulse in the heater probe and measures the temperature response curve by a temperature 
sensor probe at a small distance away from the heater. As a result, the DPHP can measure all three 
soil thermal properties (Bristow et al., 1994b; Bristow, 1998) and hence θ can be obtained from C 
independent of soil type (Bristow et al., 1993), but it tends to overestimate C and hence θ, 
particularly when θ is small (Heitman et al., 2003; Ochsner et al., 2003; Liu et al., 2012). The 
accuracy of the DPHP is also affected by needle deflection, which may cause large errors when 
the needles are installed in the field (Basinger et al., 2003; Heitman et al., 2003; Liu et al., 2008a; 
Kluitenberg et al., 2010). Recently, a self-calibrated dual probe was designed (Liu et al., 2013a; 
Wen et al., 2015) to automatically calculate in situ needle space deflection without calibration. 
However, only two sandy soils at dry and saturated conditions were tested and a calibration for 
the initial needle space is still needed.  
The SPHP has multiple advantages over the DPHP: The single probe needle is more robust 
in the field because of its larger diameter and thicker wall (Liu and Si, 2011a), and is not affected 
by needle deflection; also, the single probe has a larger zone of influence as a result of longer 
probe. Unlike the DPHP, the SPHP cannot be used to determine θ from C. In order to measure θ 
by a single probe, the relations between temperature changes (or λ) and θ from the SPHP 
measurements need to be investigated. Shaw and Baver (1939) applied a Wheatstone bridge on 
an electro-thermal method, which is similar to the SPHP method, to measure the electrical current 
changes of their setup with θ in different soils. They found that the electrical current~θ relation 
depended on soil textures, and the relation was not affected by salt content or external temperature 
conditions. However, the prediction and accuracy of θ measurement was not mentioned. The λ of 
different soils at various θ has been widely tested (Sepaskhah and Boersma, 1979; Horton and 
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Wierenga, 1984; Hopmans and Dane, 1986; Abu-Hamdeh and Reeder, 2000; Momose and 
Kasubuchi, 2002), and attempts to develop the expressions of λ~θ relations have been reported 
(Ewing and Horton, 2007). Among them, Kasubuchi (1992) tried to measure θ using the λ~θ 
relations obtained from the heat pulse method; however, the accuracy was not reported and the 
results were limited to two soils within a limited range of θ. 
In recent years, an active heated fibre optic-distributed temperature sensing (AHFO-DTS) 
system has been used for in situ monitoring of soil thermal properties and θ (Sayde et al., 2010; 
Ciocca et al., 2012; Striegl and Loheide, 2012). AHFO-DTS is similar to the SPHP in theory, but 
uses the fibre-optic cable to measure soil temperature, and thus could potentially extend the 
temperature, thermal properties, and θ measurement scale from a point to an intermediate 
landscape scale. The DPHP based AHFO-DTS system was also tested to measure C and θ, by 
installing two or more fibre optic cables paralleling each other, which has the same drawbacks as 
the DPHP (Benítez-Buelga et al., 2014). To further develop the SPHP based AHFO-DTS, there is 
a need to extend the measurements from λ to C and θ for the SPHP.  
The SPHP can be used to measure λ accurately; therefore, if θ can also be estimated, then C 
can be determined from the linear relationship between C and θ, and α can be obtained from λ and 
C (Bristow et al., 1993). Therefore, the ability to accurately estimate θ is critical to extend the 
measurement of the SPHP and AHFO-DTS from λ to α and C. With the AHFO-DTS method, 
attempts have been made to infer θ from the λ~θ relation (Ciocca et al., 2012) or the maximum 
temperature increase (Tmax, K)~θ relation (Striegl and Loheide, 2012). However, the θ estimation 
errors were high (> 0.05 m3 m-3) at high θ for both methods. Sayde et al. (2010) applied a new 
interpretation of temperature data called the cumulative temperature increase (Tcum, K s), and 
found θ measurements from the Tcum(θ) method were more precise than those from the Tmax(θ) 
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method. However, published studies with the AHFO-DTS system only focused on in situ θ 
monitoring and did not test their performance on different textured soils, or compare the three 
methods (i.e., λ(θ), Tcum(θ), and Tmax(θ) method) (Gil-Rodríguez et al., 2013; Sayde et al., 2014).  
The above methods should be compared more thoroughly with more soil types and a wider 
range of θ. To do this, it may be more convenient to use the SPHP than to use the AHFO-DTS 
because the stainless steel needle (high in λ) of the single probe is in direct contact with soil 
particles, whereas a fibre optic cable has several protective layers surrounding the fibre optic cable 
(temperature sensors), which may increase contact resistance between the heater, temperature 
sensor and soils. Therefore, the conventional heat pulse probe may have better contact with soil 
than the fibre optic cable in terms of heat conduction (Liu and Si, 2011a; Ciocca et al., 2012), and 
have more frequent temperature readings at early time, which allows for more accurate 
determinations in H and α (Liu and Si, 2011a).  
Different ranges of the heating duration of the SPHP have been chosen in previous studies 
(Abu-Hamdeh and Reeder, 2000; Liu and Si, 2011a), and there are both advantages and 
disadvantages for the short and long heating durations. Therefore, the possible effects of the 
heating duration on θ estimation errors need to be understood for effective application of this 
method. In the field, soil thermal property estimates using longer heating duration are 
representative of a larger volume of soil around the heat pulse probe. However, longer heating 
consumes more power and is time consuming, which can be a potential problem in an automated 
system with a solar panel based power supply. In addition, the SPHP assumes that soil thermal 
properties are uniform within the zone of influence (Liu and Si, 2011a). A longer heating duration 
increases the zone of influence, and the soil heterogeneity within the zone of influence may be 
large enough to violate the assumption of homogeneous soil thermal properties within the 
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sampling volume. However, θ generally changes slowly and longer heating duration would not be 
a problem, but there are situations where θ may change rapidly; for example, an advancing wetting 
front following a high intensity precipitation, which requires more frequent measurements of θ 
and thus shorter heating duration.  
The objective of this study was to further develop and thoroughly compare the λ(θ), Tcum(θ), 
and Tmax(θ) methods for θ estimation using the SPHP. The temperature response curves of four 
soils with different textures at various range of θ were measured by a single probe. The λ and 
newly defined normalized Tcum and Tmax (denoted as TNcum and TNmax) values were obtained and 
the precisions of θ by the λ(θ), TNcum(θ), and TNmax(θ) methods as well as the reciprocals of each 
were compared through error analysis. The effects of the heating duration on the θ estimation 
errors from all of the six methods were discussed. Probe dependence of the six methods and 
combination of the methods to reduce estimation errors were also discussed. 
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4.4 Materials and Methods 
4.4.1 Probe construction and soil column setup 
The SPHP uses a probe consisting of a single cylindrical rod acting as both the heater and the 
temperature sensor. Three probes with the same dimensions and materials were built. The probe 
body was made of a hollow stainless steel tube (Penn Stainless Products, Quakertown, PA), with 
a length of 11 cm, and an outer and inner diameter of 2.108 and 1.240 mm, respectively. The small 
diameters were chosen to reduce the effect of probe body on heat transfer and make the probe 
closer to a line heat source (Kluitenberg et al., 1995; Liu et al., 2012). A thermistor (10 kΩ at 25 
˚C, Model 10K3MCD1, BetaTHERM Corp., Shrewsbury, MA) was installed in the center of the 
needle. The heater was a loop of nichrome wire (Nichrome A, electrical resistance equals to 69.06 
Ω m-1, Pelican Wire Co., Naples, FL) inserted into and spanning the entire length of the stainless 
steel tubing. The tubing was subsequently filled with Omegabond® 101 epoxy (Omega 
Engineering, Stamford, CT), which has a relatively high λ and is an excellent electrical insulator. 
When the epoxy was dry, the needle was secured into a predrilled hole in a 32-mm-diameter 
and 32-mm-thick plastic plug. The plug was then installed at the bottom of a cylindrical PVC 
container (13 cm in height and 10 cm in diameter), which housed the soil sample. Three soil 
columns with the same dimensions were built. The ends of the heating wire and thermistor of the 
probes were soldered to 18 AWG electrical wires and connected to a datalogger (Model 
CR9000XC, Campbell Scientific, Logan, UT). The datalogger was used to control and monitor 
the heat input, and to measure the temperature changes with time. An adjustable resistor and a 
heater-control relay circuit were used to control and measure the amount of heat released from the 
probe. 
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A continuous heating time of 600 s with a heating strength of q ≈ 6 W m-1 was applied and 
the temperature was recorded with a frequency of 20 Hz. The relatively long heating period was 
chosen to examine the time effect on θ determinations, and the relatively high frequency was 
selected to ensure more accurate TNcum estimates. The temperature increases were controlled to 
less than 10 ˚C in order to avoid water movement caused by a temperature gradient (Shiozawa 
and Campbell, 1990). To ensure all the temperature changes were caused by the heat pulse probe, 
the temperatures within the soil columns needed to reach equilibrium before each measurement. 
The heat pulses were executed at four hours interval to allow enough time for equilibrium and the 
temperatures were recorded five minutes before each heat pulse execution to double check the 
equilibrium. In the cases of non-equilibrium during our measurement, corrections were applied 
using  the linear interpolation method presented by Jury and Bellantuoni (1976) . 
4.4.2 Soil sample preparation 
Four soils were tested: one industrial silica sand (coarse sand) and three field soils: fine sand, 
sandy loam, and silty clay, according to the U.S. Department of Agriculture textural Classification. 
The coarse sand was chosen to examine the θ determinations at the extreme case of very poor 
contact between the heat pulse probe and soil particles. The clay, silt, and sand contents of each 
soil are shown in Table 4.1. 
Table 4.1. Sand, silt, and clay contents and dry bulk densities (ρb) of tested soils. 
Soil Clay content Silt content Sand content ρb 
 ——————— % ———————— kg m-3 
Coarse sand 0.0 (0.0†) 0.0 (0.0) 100.0 (0.0) 1.75×103 
Fine sand 2.3 (0.3) 0.3 (0.01) 97.4 (0.3) 1.56×103 
Sandy loam 12.3 (0.3) 22.3 (0.8) 65.5 (0.6) 1.43×103 
Silty clay 43.6 (1.2) 41.9 (0.2) 14.5 (1.0) 1.25×103 
† Numbers in parentheses are standard deviations of four replicates. 
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A pre-determined amount of soil and water were mixed and shaken in a plastic bag to obtain 
uniform θ, and then the soil in the bag was packed into the PVC columns at a fixed ρb (Table 4.1) 
for each soil. After equilibration for two days, a 600 s duration heat pulse was released and the 
temperature rise during the heating was recorded at a frequency of 20 Hz. The heat pulse 
experiment was repeated four times at four hours interval for each soil sample. The actual 
gravimetric water content of each sample was confirmed by the oven-dry method and multiplied 
by ρb to get  after the SPHP measurements. The above procedure was repeated at water content 
increments of about 0.03 m3 m-3 from air dry to near saturation for each soil. Complete saturated 
soil samples were not measured because it was difficult to pack very wet soil samples to reach full 
saturation, which was most probably caused by the entrapped air in the non-interconnected pores 
in soils (Faybishenko, 1995; Sakaguchi et al., 2005). 
4.4.3 Methods to estimate soil water content 
Mathcad15.0 (PTC Inc., Needham, MA) software was used for the data analysis. Using the 
SPHP method, the λ values were estimate based on the Blackwell model (Blackwell, 1954) for a 
single probe made of a good conductor. In this model, an infinite cylindrical heat source of radius 
r (m) is surrounded by a homogeneous infinite soil with the same initial temperatures in the heat 
source and soil. The cylindrical probe has a thermal contact conductivity H (W m-2 K-1) between 
the heat source and surrounding soil particles. If the heat is released continuously at a heating 
strength q (W m-1), the temperature increase ∆T (˚C) at the heat source at time t (s) is given as 
∆𝑇(𝑞, 𝑟, 𝐶p, 𝐻, α, λ) =
1
2π𝑖
∫
𝑞Γ
π𝑝[𝑟2𝐶p𝑝Γ+2λ𝑌1(√𝑝𝑟2 α⁄ )]
exp(𝑡𝑝)d𝑝
γ+𝑖∞
γ−𝑖∞
                 (Eq. 4.1) 
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where λ and α are the soil thermal conductivity (W m-1 K-1) and soil thermal diffusivity (m2 s-1), 
respectively; Cp is the heat capacity of the probe (J m-3 K-1), p is the Laplace transformation 
variable, γ is Euler’s constant=0.5772, i is the imaginary unit, and 
Γ =
1
√𝑝𝑟2 α⁄
𝑌0(√𝑝𝑟2 α⁄ ) +
λ
𝑟𝐻
𝑌1(√𝑝𝑟2 α⁄ )                                       (Eq. 4.2) 
where Y0 and Y1 are the zero-order and first-order modified Bessel functions of the second kind, 
respectively. The solution of Eq. 4.1 is given as (Blackwell, 1954) 
∆𝑇(𝑞, 𝑟, 𝐶p, 𝐻, α, λ) =
8λ𝑞
π3𝑟4𝐶p
2α2
∫
[1−exp(−α𝑡𝑥2)]
𝑥3(𝑃2+𝑄2)
𝑑𝑥
∞
0
                                       (Eq. 4.3) 
where 
𝑃 = 𝑥𝐽0(𝑟𝑥) + 𝐽1(𝑟𝑥)[𝑥
2 𝐻⁄ − 2 (𝐶p𝑟α)⁄ ]
𝑄 = 𝑥𝑌0(𝑟𝑥) + 𝑌1(𝑟𝑥)[𝑥
2 𝐻⁄ − 2 (𝐶p𝑟α)⁄ ]
                                              (Eq. 4.4) 
where J0 and J1 are the zero-order and first-order Bessel functions of the first kind, respectively. 
Equation 4.3 can be greatly simplified using the long-time approximation (Blackwell, 1954) 
∆𝑇(𝑡) = 𝐴 ln(𝑡) + 𝐵 = 𝑞 (4πλ)⁄ ln(𝑡) + 𝐵 𝑡 ≫ 𝑟2 α⁄                               (Eq. 4.5) 
where A and B are the slope and intercept of the ΔT~ln(t) curve. Therefore, λ can be calculated by 
λ = 𝑞 (4π𝐴)⁄ 𝑡 ≫ 𝑟2 α⁄                                                            (Eq.4.6) 
and the λ(θ) relationships can be built to estimate θ. 
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Another way to estimate θ using the AHFO-DTS system is the Tmax(θ) relationship (Shaw and 
Baver, 1939; Striegl and Loheide, 2012), which can be easier obtained than λ(θ) relationships and 
was further compared and improved by the Tmax(θ) method (Sayde et al., 2010). Both Tcum and 
Tmax can be calculated from the SPHP measurement data without previous knowledge of C, H, or 
θ. The value of Tmax is simply the maximal temperature increase when the heat pulse stops. As the 
datalogger recorded temperature readings at a frequency of 20 Hz, Tcum can be approximated by 
the sum of each temperature increase measurement from the datalogger multiplied by a 0.05s 
duration. Therefore, Tcum and Tmax are calculated, respectively, by 
𝑇cum = ∫ ∆𝑇𝑑𝑡
𝑡1
𝑡0
= ∑∆𝑇𝑖 ∙ 0.05⁡s                                  (Eq. 4.7) 
𝑇max = 𝑇1 − 𝑇0                                                                (Eq. 4.8) 
where 𝑡1  and T1 are time and temperature at the end of heating, and 𝑡0  and T0 are time and 
temperature at the beginning of heating. 
As the temperature increase is proportional to q (Eq. 4.3), it is unreasonable to compare Tcum 
and Tmax values obtained from temperature response curves for different q values. Even for the 
same experimental setting, it may be difficult to keep a constant q between heat pulses, as there is 
always more or less a voltage drop after each heat pulse for a DC power supply. To eliminate the 
dependence on q, we defined two new terms: the normalized Tcum and Tmax (denoted as TNcum and 
TNmax) here, which are calculated by 
𝑇𝑁cum = 𝑇cum 𝑞⁄                                                   (Eq. 4.9) 
𝑇𝑁max = 𝑇max 𝑞⁄                                                   (Eq. 4.10) 
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4.4.4 The λ(θ), TNcum(θ), and TNmax(θ) models 
Different from C, λ is not a simple function of the volume fraction and thermal conductivity 
of each soil component, making it difficult to build a purely theoretical model for λ (Bristow, 
2002a). However, several semi-theoretical and empirical models has been developed (Barry-
Macaulay et al., 2015; Dong et al., 2015) and the semi-theoretical Campbell (1994) model was 
used to describe λ(θ) relationships here. The Campbell model assumes that the λ of soil is the 
weighted sum of the thermal conductivity of water, gas, and mineral in the soil: 
λ =
𝑘w𝑥wλw+𝑘a𝑥aλa+𝑘m𝑥mλm
𝑘w𝑥w+𝑘a𝑥a+𝑘m𝑥m
                                                      (Eq. 4.11) 
where k and x are a weighting factor and volume fraction, respectively; and the indexes w, a, and 
m represent water, air, and mineral, respectively. The λa of soil is the sum of the λ of dry air and 
a vapor term due to latent heat transfer. However, all the soil samples were measured at room 
temperature and the temperature increases caused by the heat pulses were less than 10 oC. 
Therefore, λ of the vapor term was ignored here, thus λw and λa can be calculated by (Campbell et 
al., 1994): 
λw = 0.554 + 2.24 × 10
−3𝑇 − 9.87 × 10−6𝑇2                             (Eq. 4.12) 
λa = 0.024 + 7.73 × 10
−5𝑇 − 2.60 × 10−8𝑇2                             (Eq. 4.13) 
where T is the soil temperature (oC). Thermal conductivity of the soil mineral λm is obtained by 
fitting Eq. 4.11 to the experimental data. The volume fractions of soil components are calculated 
by: 
𝑥a = 1 − 𝑥w − 𝑥m                                                                        (Eq. 4.14) 
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where: 
𝑥w = θ                                                                                         (Eq. 4.15) 
𝑥m =
ρb
ρp
                                                                                        (Eq. 4.16) 
where ρb and ρp are soil bulk density and particle density, respectively (kg m-3), and ρp = 2.65 × 
103 kg m-3. The weighting factors can be obtained by (Campbell et al., 1994): 
𝑘a =
1
3
[
2
1+(
λa
λf
−1)𝑔a
+
1
1+(
λa
λf
−1)(1−2𝑔a)
]                                               (Eq. 4.17) 
𝑘w =
1
3
[
2
1+(
λw
λf
−1)𝑔a
+
1
1+(
λw
λf
−1)(1−2𝑔a)
]                                               (Eq. 4.18) 
𝑘m =
1
3
[
2
1+(
λm
λf
−1)𝑔a
+
1
1+(
λm
λf
−1)(1−2𝑔a)
]                                               (Eq. 4.19) 
where ga is a shape factor that is to be determined; λf is defined as a “fluid” thermal conductivity 
(W m-1 K-1) and calculated by: 
λf = λa + 𝑓w(λw − λa)                                                        (Eq. 4.20) 
where fw is an empirical weighting function ranging from 0 in dry soil to 1 in saturated soil, and 
given by: 
𝑓w = 1 (1 +
𝑥w
𝑥w0
)
−𝑞
⁄                                                         (Eq. 4.21) 
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where q and xw0 are soil properties that relate to the value of θ at which water starts to affect λ and 
the rapidity of the transition from air- to water-dominated conductivity. The q is temperature 
dependent and obtained by (Campbell et al., 1994): 
 𝑞 = 𝑞0(𝑇 + 273.15 303⁄ )
2                                                        (Eq. 4.22) 
The liquid recirculation cut-off water content xw0 is correlated to soil texture and can be 
obtained from the geometric mean particle diameter dg (10-3 m) by (Campbell et al., 1994): 
𝑥w0 = 0.267𝑑g
−0.2
                                                                      (Eq. 4.23) 
The value of dg can be obtained following Shiozawa and Campbell (1991) by: 
𝑑g = exp(5.756 − 3.454𝑚silt − 7.712𝑚clay)                             (Eq. 4.24) 
where msilt and mclay are the silt and clay fractions of soil solids particles. Therefore, when fitting 
Eq. 4.11 to measured λ(θ) curves, only the three parameters λm, q0, and ga are unknown. 
As the values of TNcum and TNmax were calculated from the measured temperature increase 
data, and the trends in TNcum and TNmax with changing θ were similar, an empirical rational model 
was used to describe the TNcum(θ) and TNmax(θ) relationships: 
 𝑇𝑁cum(or⁡𝑇𝑁max) = (𝑎 + 𝑏θ) (1 + 𝑐θ)⁄                              (Eq. 4.25) 
where a, b, and c are empirical parameters. From the temperature response curve of each heat 
pulse measurement, the values of λ, TNcum, and TNmax were obtained from Eq. 4.6, 4.9 and 4.10. 
By repeating the above analyses for soil samples at various water contents, λ, TNcum, and TNmax 
as a function of θ were obtained, and the least squares regression was used to fit Eq. 4.11 and 4.25 
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to the measured data (Sayde et al., 2010). Equation 4.11 was used for the λ(θ) curve and Eq. 4.25 
was used for the TNcum(θ) and TNmax(θ) curves (Table 4.2). Equation 4.11 was chosen as it is a 
physically based model, and Eq. 4.25 was chosen to fit the data as it is relatively simple (few 
parameters) and works reasonable well. The estimated error in  was calculated as: 
σθ = σ𝑥 |
d𝑓(θ)
dθ
|⁄                                                            (Eq. 4. 26) 
where σx is the standard deviation of x, where x represents λ, TNcum, or TNmax, respectively. The 
standard deviations were obtained from repeated heat pulse measurements of the same sample at 
the same θ. The df(θ)/dθ is the local slope of the λ(θ), TNcum(θ), or TNmax(θ) curves. A smaller σx 
indicates a higher precision and reproducibility of the measurement.  
To examine the probe-dependence of  measurements associated with the three methods and 
to evaluate the accuracy of θ predictions by λ~θ, TNcum~θ, and TNmax~θ relations obtained from 
the first probe, two additional probes with dimensions and materials identical to the first probe 
were built and used to measure all four soils at various θ. The predicted θ values provided by the 
second and third probes obtained from the λ~θ, TNcum~θ, or TNmax~θ curves were compared with 
the measured θ values obtained by the oven-dry method. Because the measurement errors and θ 
predictions of the 1/λ(θ) method were similar to that of the TNcum(θ) and TNmax(θ) methods, and 
that of the 1/TNcum(θ) and 1/TNmax(θ) methods were similar to that of the λ(θ) method, the results 
of 1/λ(θ), 1/TNcum(θ), and 1/TNmax(θ) methods were not shown here. 
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Table 4.2. The model, parameter, and coefficient of determination (r2) of soil thermal conductivity 
(λ), normalized cumulative temperature increase (TNcum), and normalized maximum temperature 
increase (TNmax) as a function of soil water content (θ) of tested soils, measured by the first probe 
with a heating duration of 600 s. 
Property Parameter 
Soil 
Coarse 
sand 
Fine 
sand 
Sandy 
loam 
Silty 
clay 
λ 
λm 5.30 3.40 3.02 2.53 
q0 10.00 28.00 20.18 12.26 
ga 0.1236 0.0200 0.0114 0.0200 
r2 0.95 0.98 0.99 0.99 
TNcum 
a 662 784 889 811 
b 64,086 6,251 -1,648 -1,481 
c 479 56.22 6.48 -0.04 
r2 0.99 0.98 0.97 0.99 
TNmax 
a 1.30 1.57 1.79 1.44 
b 111.70 11.94 -3.45 -2.64 
c 453.45 58.18 6.78 -0.03 
r2 0.99 0.98 0.97 0.99 
4.5 Results and Discussion 
4.5.1 Comparison of the λ(θ), TNcum(θ), and TNmax(θ) methods 
The estimated λ values using Eq. 4.6 increased rapidly with increasing θ from 0 to 0.05 m3 
m-3 for the coarse sand and fine sand, but rather slowly for the sandy loam and silty clay (Fig. 
4.1A). The increase in λ with the increase in θ was quasi-linear from 0.05 m3 m-3 to near saturation 
for all soils except the silty clay soil. Our results were consistent with Riha et al. (1980) , Hopmans 
and Dane (1986), and Tarnawski et al. (2009, 2011). The increase in λ with increasing θ is a result 
of the displacement of air with water and consequently increased contact areas between soil 
particles and enhanced heat conduction in the solid phase and liquid phase.  
Both TNcum and TNmax of the four soils decreased with increasing θ (Fig. 4.1B, C). Although 
the absolute values of TNcum and TNmax differed, the shapes of TNcum(θ) curves were similar to that 
of TNmax(θ) for all soils. TNcum and TNmax of the coarse sand and the fine sand decreased 
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dramatically with increasing θ from 0 to 0.05 m3 m-3, and then decreased gradually when θ > 0.05 
m3 m-3. TNcum and TNmax of the sandy loam decreased gradually over the whole range of θ, and 
that of the silty clay decreased roughly linearly with θ. The decrease in TNcum and TNmax is because 
of elevated heat transfer in soil as θ increased, resulting in a smaller temperature rise in the centre 
of the probe where the temperature sensor was located. 
There were striking differences in λ(θ), TNcum(θ), and TNmax(θ) curves among different soils 
(Fig. 4.1). For example, when the soils were dry, λ values of all soils were approximately 0.3 W 
m-1 K-1 and then increased with increasing θ (Fig. 4.1A). However, the rate of increase was smaller 
for the finer textured soil. When the soils were near saturation, the λ values of coarse sand, fine 
sand, sandy loam, and silty clay were approximately 3.6, 2.4, 1.9, and 1.0 W m-1 K-1, respectively. 
When the soils were dry, TNcum and TNmax of all soils except the coarse sand were around 780 K 
s W-1 m and 1.5 K W-1 m, respectively. When soils were near saturation, TNcum and TNmax of all 
soils except the silty clay decreased to approximately 150 K s W-1 m and 0.3 K W-1 m, respectively. 
The differences among different textured soils were likely caused by the different bulk densities 
and quartz content. As soil texture became finer and ρb decreased, both soil temperature increases 
and λ decreased (Singh and Devid, 2000) because  λ of quartz is about three times greater than  
of clay minerals (Dane and Topp, 2002), and, therefore, lower soil temperature increases and λ 
estimates were observed it finer textured soils, which have lower quartz content (Sepaskhah and 
Boersma, 1979) 
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Fig. 4.1. Measured and fitted thermal conductivity (λ) (A), normalized cumulative temperature 
increase (TNcum) (B), and normalized maximum temperature increase (TNmax) (C) of tested soils as a 
function of soil water content (θ), measured by the first probe with a heating duration of 600 s. Error 
bars indicate the standard deviation of four replications. 
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Many attempts have been made to examine and model the relationships between λ and soil 
texture and ρb (Gangadhara Rao and Singh, 1999; Singh and Devid, 2000; Côté and Konrad, 2005; 
Tarnawski and Leong, 2012); however, as shown by Lu et al. (2014), these models have limited 
success beyond a few soils. There is also limited information on the relationships between soil 
physical properties and TNcum(θ) or TNmax(θ) (Sayde et al., 2010; Ciocca et al., 2012). Because of 
the small number of soils investigated in this study, it is still difficult to quantitatively relate the 
differences in λ(θ), TNcum(θ), and TNmax(θ) relations among different soils to soil physical 
properties such as soil texture and ρb. 
In order to predict θ, two models (Eq. 4.11 and 4.25) were fitted to the measured λ(θ) and 
TNcum(θ) (and TNmax(θ)), respectively. All curves fit the measured values well (Fig. 4.1), with 
correlation coefficients > 0.95. To evaluate the non-uniqueness of best-fit parameters, Monte 
Carlo simulation analysis was carried out according to the method of Wagener et al. (2003) and 
the results showed that the values of all model parameters were unique. As shown in Table 4.1 
and 4.2, the parameters of the models had clear trends with the particle size fractions and ρb; 
however, these relationships are only applicable to some of the investigated soils. To fit λ, the 
semi-theoretical model we used described the sharp rises at the middle ranges of θ more effectively, 
but most of the empirical models may fit better for the coarse sand at low θ. As different models 
provided similar local slopes of the λ(θ) relationships, the θ estimation errors discussed below are 
not significantly affected by the choice of the models. The accuracies of the θ estimates may be 
affected more, depending on the accuracy of the fittings, which should be considered when 
selecting the λ(θ) models. 
All error bars were very small (Fig. 4.1), indicating good repeatability among the four 
replicates for all measurements. The exception was the λ(θ) for coarse sand (0.02 to 0.16 W m-1 
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K-1) when θ > 0.05 m3 m-3, but it was still small compared to the typical λ values. From the trends 
and slopes of the curves we can visually and qualitatively conclude that λ was more sensitive to θ 
for the coarser soils (coarse sand and fine sand) than for the finer soils (sandy loam and silty clay) 
over the full range of θ (Fig. 4.1A), due to the higher quartz contents and more continuous water 
films between soil particles which conducted heat better in the coarser soils. However, TNcum(θ) 
and TNmax(θ) possessed good sensitivity for finer soil texture (sandy loam and silty clay) over the 
full range of θ, and similarly for the coarse sand and fine sand at low θ (Fig. 4.1B and C). When 
θ was low, the added water formed the wedge films in macro pores between the coarse sand and 
fine sand soil particles and then gradually filled the pores; therefore, λ increased and TNcum and 
TNmax decreased rapidly within increasing . This increase slowed down when the field capacity 
exceeded, as most of the voids were filled and further increase in θ had less effect on λ (Sepaskhah 
and Boersma, 1979; Nikolaev et al., 2013; Lu et al., 2014). Therefore, relative low sensitivities 
were observed for λ(θ), TNcum(θ), and TNmax(θ) curves of coarse sand and fine sand at high θ.  
To quantitatively evaluate the measurement error σθ of θ determinations, not only the 
sensitivities of λ, TNcum, and TNmax to θ, but also the standard deviations of these three properties 
were considered based on Eq. 4.26. Figure 4.2a shows that σθ of coarse sand from the three 
methods increased with increasing θ. The three methods had similarly small errors (less than 0.01 
m3 m-3) for the coarse sand when θ < 0.15 m3 m-3. However, when θ > 0.15 m3 m-3, σθ of the coarse 
sand from the TNmax(θ) method increased rapidly from 0.01 to 0.13 m3 m-3 with increasing θ, and 
σθ from the λ(θ) and TNcum(θ) methods increased to 0.06 m3 m-3. The σθ of the fine sand, sandy 
loam, and silty clay were all similar and less than 0.01 m3 m-3, although a large error was found 
for the λ(θ) method for the dry silty clay soil due to the flat local slope of the fitted curve (Fig. 
4.2B, C, and D). This result differed from that of Sayde et al. (2010) with the AHFO-DTS method, 
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in which they showed that σθ of the Tcum(θ) method was smaller than that of the Tmax(θ) method. 
Furthermore, the errors they obtained were 0.03 and 0.08 m3 m-3 at a θ = 0.30 m3 m-3 for the Tcum(θ) 
and Tmax(θ) methods, respectively; which were much larger than that from our study for all soils 
except for the coarse sand. 
 
Fig. 4.2. Errors calculated from Equation 4.26 in soil water content (σθ) as a function of soil water 
content (θ) by thermal conductivity (λ)~θ relation, normalized cumulative temperature increase 
(TNcum)~θ relation, and normalized maximum temperature increase (TNmax)~θ relation of coarse 
sand (A), fine sand (B), sandy loam (C), and silty clay (D), measured by the first probe with a heating 
duration of 600 s. 
Aside from the coarse sand showing similar σθ to the AHFO-DTS method (Sayde et al., 2010), 
σθ from both the TNcum(θ) and TNmax(θ) methods using the SPHP here were similar to each other 
and much smaller than that of the AHFO-DTS method. Possible reasons for this may be twofold: 
(1) the stainless steel tube of the heat pulse probe had much higher λ than the soil, and thus had 
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minimum resistance to heat conduction as compared to the AHFO-DTS system; and (2) the heat 
pulse probe is in direct contact with soils, whereas the fibre optic cable of the AHFO-DTS system 
is surrounded by armoured sheathing with low λ which reduced the sensitivity of the 
measurements. Both results of Sayde et al. (2010) and this study show that errors in θ estimates 
increase with an increase in θ. However, the errors in our study fluctuated slightly as opposed to 
changing monotonically with an increasing θ as is shown in Sayde et al. (2010). This is likely 
because the fibre optic cable was buried in soil columns and provided repeated measurements at 
the same location, whereas the measurements in this study were obtained from independent soil 
samples packed at each θ. The repacking of each soil could introduce additional errors due to 
slightly different ρb and particle packing. 
4.5.2 Effect of the heating duration 
To calculate λ, it is important to choose an appropriate range of long-time (Manohar et al., 
2000) for use in Eq. 4.6. Our data showed that all the ΔT~ln(t) curves of all tested soils became 
linear after 50 s, which satisfies the requirement 𝑡 ≫ 𝑟2/α (𝑟2/α = 5 s). A smaller diameter probe 
was chosen in this study to allow the ΔT~ln(t) curves to reach linearity earlier. Therefore, 50 s was 
chosen as the start time of the long-time solution for  estimation. The ending time of the heat 
pulse (tend) was chosen to be 600 s because tend should be long enough to obtain accurate λ values, 
but also short enough to avoid the boundary effects of the soil column on heat conduction. To 
examine the effect of heating duration on λ, the λ values with tend ranging from 120 to 600 s for 
each temperature response curve were calculated. The results show that λ values with tend from 
120 to 600 s from the same temperature response curve were almost identical for all tested soils 
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at all ranges of θ (data not shown). Therefore, a 120 s heating duration is sufficiently long to obtain 
accurate λ values for the soils and probes used in this study. 
The values and curves of λ(θ), TNcum(θ), and TNmax(θ) differed with different heating duration. 
Figure 4.3 shows that σθ from the λ(θ) method was affected by tend when tend < 200 s for all soils. 
However, the effect of tend on σθ from the TNcum(θ), and TNmax(θ) methods was negligible when 
tend > 10 s (data not shown). All the errors from both the TNcum(θ) and TNmax(θ) methods were less 
than 0.01 cm3 cm-3 for all tested soils at various θ with tend ranging from 10 s to 600 s. Therefore, 
to eliminate the effect of tend on σθ from the λ(θ) method, a minimum 200 s duration heat pulse 
should be applied in this case. However, a heating duration as short as 10 s can be used for the 
TNcum(θ) and TNmax(θ) methods, which is helpful when performing in situ θ monitoring with 
rapidly changing θ. 
4.5.3 Probe dependence of the three relationships 
Probe construction, in addition to the selection of either λ(θ), TNcum(θ), or TNmax(θ) methods, 
could affect the accuracy of θ measurements. Two additional single probes with the identical 
dimensions were used to measure the four soils at various θ with independently repacked soil 
samples. The results show that the three probes provided similar λ values (data not shown), but 
different TNcum and TNmax values (Fig. 4.4). The difference in the TNcum and TNmax values between 
the three probes, were nearly constant at different θ, which may be caused by the different H of 
the three probes with their surrounding soil particles. Despite the identical lengths and diameters 
of the three probes, the amount of epoxy filled in the needles and the position of the heating wires 
could be slightly different, which may affect the heat transfer from the probe body to the soils. 
Therefore, the temperature increases of each probe varied unavoidably. However, the probe 
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construction only affects the short-time temperature rise and the λ values obtained from the long-
time temperature rise were not significantly affected. Furthermore, the differences of TNcum and 
TNmax between probes can be easily eliminated by one point calibration in agar-stabilized water. 
 
Fig. 4.3. Effect of ending time of heat pulse (tend) on calculated errors in soil water content (σθ) as a 
function of soil water content (θ) by thermal conductivity~θ relation for coarse sand (A), fine sand 
(B), sandy loam (C), and silty clay (D) measured by the first probe. 
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Fig. 4.4. Differences in normalized cumulative temperature increase (TNcum) (A) and normalized 
maximum temperature increase (TNmax) (B) of wet coarse sand following a heating pulse of 600 s at 
various soil water contents (θ) between three heat pulse probes. Error bars indicate the standard 
deviation of four replications. 
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To obtain an accurate and standard calibration a priori, 5 kg m-3 agar-stabilized water 
solutions were measured by three probes. The water was stabilized by agar to avoid the convection 
of water caused by the temperature gradient. The results show that λ values of the agar solutions 
were 0.67 W m-1 K-1 from all three probes (Table 4.3). However, the TNcum and TNmax values of 
the agar solutions from the second probe were 21.7 K s m W-1 and 0.04 K m W-1 higher than that 
from the first probe, and the TNcum and TNmax values from the third probe were 14.2 K s m W-1 
and 0.02 K m W-1 lower than that from the first probe, respectively (Table 4.3). By deducting 21.7 
K s m W-1 from the TNcum of the second probe at various θ, the calibrated TNcum values as a 
function of θ were obtained for the second probe. Similarly, the calibrated TNcum and TNmax values 
were obtained for the second and third probe.  
Table 4.3. Thermal conductivity (λ), normalized cumulative temperature increase (TNcum), and 
normalized maximum temperature increase (TNmax) of agar-stabilized water solution measured by 
three heat pulse probes with a heating duration of 600 s. 
Probe λ TNcum TNmax 
 W m-1 K-1 K s m W-1 K m W-1 
1 0.67 (0.006†) 338.9 (0.9) 0.68 (0.003) 
2 0.67 (0.003) 360.6 (1.3) 0.72 (0.003) 
3 0.67 (0.003) 324.7 (0.7) 0.66 (0.001) 
† Numbers in parentheses are standard deviations of four replicates. 
4.5.4 Soil water content determination 
By inputting the λ, calibrated TNcum, and calibrated TNmax, values of the second and third 
probe into the fitted models in Table 4.2, the heat pulse probe predicted θ values were obtained 
and compared with the measured θ values obtained by the oven-dry method. The second probe 
had similar θ predictions as the third probe (Fig. 4.5), which demonstrated good reproducibility 
between probes. For the coarse sand, the λ(θ) method provided accurate θ predictions throughout 
the entire range of θ, whereas the TNcum(θ) and TNmax(θ) methods could not predict θ when θ >  
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Fig. 4.5. The prediction of soil water content (θ) of coarse sand (A), fine sand (B), sandy loam (C), 
and silty clay (D) by the second and third probes using three methods: thermal conductivity (λ)~θ 
method, normalized cumulative temperature increase (TNcum)~θ method, and normalized maximum 
temperature increase (TNmax)~θ method measured with a heating duration of 600 s. Error bars 
indicate the standard deviation of four replications.  
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0.2 m3 m-3. This is caused by the limited sensitivity (flat slopes in Fig. 4.1B and C) of TNcum and 
TNmax to θ when θ > 0.2 m3 m-3, which is consistent with the result of the error analysis that the 
λ(θ) method had smaller errors than that of the TNcum(θ) and TNmax(θ) methods for the coarse sand 
when θ > 0.2 m3 m-3 (Fig. 4.2A). For the other three soils, the predicted θ from all three methods 
agreed well with the θ from the oven-dry method, indicated by the small and similar root mean 
square errors (RMSE) (RMSE < 0.063). For the fine sand, the θ predictions from the λ(θ) method 
at high θ departed from the 1:1 line more obviously than other methods (Fig. 4.2B), which is also 
due to the relatively flat local slope of the fitting (Fig. 4.2A). 
As can be seen from Fig. 4.1, the TNcum~θ and TNmax~θ relations were inversely related to the 
λ~θ relation. If we use the thermal resistance (1/λ) to interpret the data, the shapes and trends of 
the 1/λ(θ) curves of four soils were very similar to the TNcum(θ) and TNmax(θ) curves, and the 
differences are in the values of the properties. Surprisingly, fitting the 1/λ(θ) curves using the 
rational model for the TNcum(θ) and TNmax(θ) relations resulted in very similar measurement errors 
and θ predictions as the TNcum(θ) and TNmax(θ) methods (data not shown). Similarly, the 1/TNcum(θ) 
and 1/TNmax(θ) methods provided similar measurement errors and θ predictions as the λ(θ) method. 
Thus, with each SPHP measurement, a total of six properties (λ, TNcum, TNmax, 1/λ, 1/TNcum, and 
1/TNmax) can be obtained. 
Though the above six relationships can be obtained simultaneously from each temperature 
response curve, not all six relationships are suitable for all soils. Therefore, the most suitable or 
combination of the most suitable relationships for θ estimation must be investigated through soil-
specific calibration as demonstrated in this paper. The λ(θ) combined with 1/TNcum(θ) or 1/TNmax(θ) 
methods can be used for coarse textured soils, and the 1/λ(θ) combined with TNcum(θ) or TNmax(θ) 
methods can be used for fine textured soils. In most situations, the λ(θ) and 1/λ(θ) methods are 
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preferred as probe-dependent calibration is not needed, which is especially convenient when more 
than one probe is used. It also has important implications for the state-of-the-art AHFO-DTS 
systems, where a heated fibre optic cable of a few kilometres long may not be identical in each 1 
m segment. Furthermore, the obtained thermal property λ is needed in many other applications. 
Nevertheless, the possibility of short (i.e., 10 s) heating durations for the TNcum(θ), TNmax(θ), 
1/TNcum(θ), and 1/TNmax(θ) methods has practical advantages, when the heat pulse probe (either 
the fibre optic cable or the single heat pulse probe) is buried at a shallow depth. In that case, a 
short heating duration would be required to avoid the influence of the finite medium, and be useful 
to monitor the fast soil θ changes during precipitation. The above four methods with short heating 
durations are also of value when the power supply is a limitation, which is especially useful for 
applications at remote sites on Earth and extra-terrestrial bodies (Zent et al., 2010) or the AHFO-
DTS system where a large amount of energy is needed during each measurement for a kilometres-
long fibre optical cable.  
4.6 Conclusions 
The advantages of the SPHP over the DPHP are the larger measuring scale and free of needle 
deflection error. This study is the first comprehensive comparison of the λ(θ), Tcum(θ), and Tmax(θ) 
methods for θ estimation using the SPHP. The λ(θ), TNcum(θ), and TNmax(θ) curves differed with 
the tested soils. Error analyses and θ predictions from two additional probes verified that SPHP is 
an accurate method for measuring θ. The effect of the heating duration was examined and the 
result showed that it had a negligible effect on the precision and accuracy of θ determinations 
from all the methods for all four soils, except for the λ(θ) method when the heat pulse < 200 s. 
Different probes with identical dimensions and materials provided the same λ values, but different 
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TNcum and TNmax values, which can be compensated for by calibration in agar-stabilized water. 
The θ values obtained from all the methods were accurate for all soils with exception given to the 
TNcum(θ) and TNmax(θ) methods for the coarse sand when θ > 0.20 m3 m-3. The reciprocals of λ, 
TNcum, and TNmax were also examined and it showed that the 1/λ(θ) method had similar 
performance as the TNcum(θ) and TNmax(θ) methods, and the 1/TNcum(θ) and 1/TNmax(θ) methods 
had similar performance as the λ(θ) method.  
We improved the Tcum(θ) and Tmax(θ) methods through normalization and one point 
calibration, and presented and validated the reciprocals of λ, TNcum, and TNmax, so that they are 
only soil-specific, but not q and probe dependent. The combination of different methods may also 
improve θ estimation with the SPHP. More research is needed to quantitatively establish the 
calibration relationships and consider the effect of soil organic matter.  
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5 DETERMINATION OF THERMAL CONTACT CONDUCTIVITY 
BETWEEN SINGLE HEAT PULSE PROBE AND SOIL 
5.1 Preface 
The feasibility of using the single-probe heat pulse (SPHP) method to measure soil water 
content (θ, m3 m-3) was shown in the previous chapter. However, those methods need soil specific 
calibrations. In order to obtain θ and all three soil thermal properties from the SPHP method 
without soil specific information, the thermal contact conductivity (H, W m-2 K-1) between soil 
and probe has to be known. However, little is known about the values of H. In this chapter, H 
values were inversely obtained by measuring soil samples with known θ. The effects of soil 
properties on H were discussed, and the possibility of θ determination by the H(θ) relationships 
were shown. 
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5.2 Abstract 
The single-probe heat pulse (SPHP) method has been only used to measure soil thermal 
conductivity (λ, W m-1 K-1). If thermal contact conductivity (H, W m-2 K-1) between the single 
probe and soil can be accurately obtained, then the SPHP can also determine soil thermal 
diffusivity (α, m2 s-1), heat capacity (C, J m-3 K-1) and soil water content (θ, m3 m-3). This study 
experimentally determined H of the single probe by fitting the Blackwell equation to the 
temperature response curve with known oven-dried θ, and explored the feasibility of θ estimation 
from the H(θ) relations. Four soils (the coarse sand, fine sand, sandy loam, and silty clay) packed 
at fixed bulk densities (ρb, kg m-3) over a wide range of θ were measured by three single probes. 
The temperature response curves were recorded following a 400 s continuous heat pulse with the 
heating strength (q, W m-1) of 5 W m-1. The results showed that H values of the four soils ranged 
between 180 and 5400 W m-2 K-1 and H of the same soil increased with increasing θ. At the same 
θ, H values decreased as soil texture became finer. The H(θ) relations were linearly fitted; however, 
the slopes and intercepts of three probes for the same soil were different. By unifying these 
differences, probes 2 and 3 provided satisfactory θ estimates for all soils (± 0.04 m3 m-3) except 
for the coarse sand. The probe body and ρb also influence H values and more research is needed 
to quantify the difference of H between different probes and to relate the H(θ) relation parameters 
to soil physical properties. 
5.3 Introduction 
Accurate in situ determination of soil thermal properties is important in soil physics, 
hydrology, and environmental science, as soil thermal properties control the energy balance of the 
Earth’s surface and the temperature regime of the root zone (de Vries and Peck, 1958a; C. et al., 
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1998; Nikolaev et al., 2013). Soil thermal properties, including λ, C and α, vary mainly with θ in 
the field. Changes in θ result in changes in soil thermal properties; and conversely, soil thermal 
properties affect soil energy balance and latent and sensible heat fluxes, which in turn affect the 
soil water balance (Liu and Si, 2011b; Trautz et al., 2014). Furthermore, soil temperature regime 
and θ are two of the most important factors that influence the plant growth, nutrient cycling, and 
microbiological activities in soils (Song et al., 1999; Abu-Hamdeh, 2001). Knowledge of soil 
temperature and θ in agricultural land, which are affected by soil thermal properties, helps 
determine the optimum time for seeding and irrigation (Wierenga et al., 1969). Therefore, it is 
important to measure soil thermal properties and θ simultaneously at the same measuring scale 
and by a single instrument. 
Popular methods for measuring soil thermal properties are the heat pulse methods (hot 
needle/plate method), including the steady-state method and transient method. Due to the stringent 
boundary condition requirement and usually long equilibrium time, the steady-state hot plate 
method is not suitable for in situ soil thermal property measurement (de Vries, 1952; de Vries and 
Peck, 1958a). The transient heat pulse probe methods, including the SPHP and dual-probe heat 
pulse (DPHP), are the only available method that can be appropriately used to measure soil 
thermal properties in situ (Bristow et al., 1994b). The advantages of the heat pulse probe methods 
include low cost, automated and continuous data acquisition, and minor disturbance to the soil 
(Zhang et al., 2011). 
However, the existence of thermal contact resistance between the probe body and soil, which 
is caused by the limited actual contact areas at the soil-probe interface (Cooper et al., 1969), 
limited the applications of both the SPHP and DPHP,. It has been shown that the interface between 
two lightly-touched, flat surfaces is rough when viewed through a microscope (Lorenzini et al., 
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2016), causing a heat flux resistance at the interface. This resistance is defined as the ratio of the 
temperature drop at the probe-soil interface to the average heat flux across the interface, and is 
more frequently quantitatively described by its inverse, H (Fletcher, 1988; Sauer et al., 2007). 
Thermal contact conductivity is intensively investigated in engineering because of its 
importance in many heating related applications, such as: the heat flux between the rocket surface 
insulation material and atmosphere, or between two metallic materials, the heat management of 
solid oxide fuel cell, and the cooling system design of the electronic devices (Wang et al., 2012; 
Ghalambor et al., 2013; Goodarzi et al., 2014; Dillig et al., 2015). Nonetheless, it is difficult to 
access H analytically in most studies because of difficulty in measuring the contact area, and 
therefore the empirical corrections from experimental studies are generally used. Even though 
many models have been built to investigate H between two flat/rough surfaces for different 
materials (Bahrami et al., 2004a; b; Jeng et al., 2006; Cui et al., 2014; Lorenzini et al., 2016), these 
models have limited applications in determining H between the heat pulse probe and soil particles, 
because soil is a porous medium (Fletcher, 1988). Furthermore, H is affected by soil particle 
dimensions, shape, and arrangement, which are difficult to characterize in the field soils (Sauer et 
al., 2007). 
The unknown H limited the application of the SPHP in determining all the three soil thermal 
properties. The SPHP method has been used to measure λ of liquids (Van Der Held and Van 
Drunen, 1949; Nagasaka, 1981), dry and wet soils (Blackwell, 1954; de Vries and Peck, 1958b), 
frozen soils (Penner, 1970; Slusarchuk and Watson, 1975), rocks (Woodside and Messmer, 1961b; 
Cull, 1974), and snow (Jaafar and Picot, 1970); however, α and C cannot be obtained from the 
SPHP due to the unknown H values. Blackwell (1954) devised the simple approximations for both 
the short-time and long-time solutions. The long-time solution is used to determine λ, and the 
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short-time solution is used to determine H, thus α, C and θ. However, accurate determination of 
H remained difficult due to the insufficient data points to fit the short-time temperature response 
curve. Recently, the use of high-frequency (20 Hz) dataloggers made it possible to obtain α and 
H values of methane hydrate  from the short-time solution (Waite et al., 2006), but showed large 
uncertainties. Accurate H values of dry soils were obtained (Liu and Si, 2011a) with the same 
method; however, it is problematic when applied on wet soils. 
The DPHP method is relatively less affected by H. The temperature sensor needle of a dual 
probe is usually located 5 to 10 mm away from the heater needle, and α and C can be calculated 
without knowing H from the time and the value of the maximum temperature increase of the 
temperature sensor  following a short period of heat pulse (Bristow et al., 1994a). Then λ and θ 
can be obtained from α and C. Therefore, by assuming zero thermal contact resistance (infinite 
large H value) and using the pulsed infinite line source approximation (Noborio et al., 1996; 
Hopmans et al., 2002; Liu and Si, 2010; Knight et al., 2012), all the three soil thermal properties 
and θ can be obtained simultaneously by the DPHP method (Campbell et al., 1991; Kluitenberg 
et al., 1993; Bristow et al., 1994a). However, the finite H values and probe length, and the 
existence of probe radius (r) and probe heat capacity (Cp) may cause an underestimation of λ and 
overestimation of C for the DPHP method (Baker and Goodrich, 1987; Tarnawski et al., 2009; 
Liu et al., 2012; Macher et al., 2014). 
Compared to the dual probe, the single probe needle is more robust in the field and has a large 
zone of influence. Besides, the single probe method is not affected by needle deflections which 
can cause large errors on soil thermal properties measured by the DPHP (Liu et al., 2008a). 
Therefore, a better understanding of H for the single probes may improve the SPHP for 
simultaneous soil thermal properties and θ measurement. It also helps improve another advanced 
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technique – the active heated fibre optic-distributed temperature sensing (AHFO-DTS), which 
utilizes similar principles as the SPHP, but extends the measuring scale from conventional point 
scale to kilometers scale (Sayde et al., 2010). Also due to unknown H values, the AHFO-DTS can 
only estimate θ from the empirical relationships between θ and cumulative temperature increase 
(Sayde et al., 2010), maximum temperature increase (Striegl and Loheide, 2012), or λ (Ciocca et 
al., 2012). The dependence on soil texture and ρb of the above mentioned relationships limit the 
applications in practice.  
To date, little is known about the accurate values of H between the heat pulse probe and soils 
(Goto and Matsubayashi, 2008; Liu and Si, 2011a; Macher et al., 2013, 2014; Dang and Leong, 
2015). The objective of this paper was to experimentally determine H between the single probe 
and different textured soils over a wide range of θ, and to evaluate the possibility of estimating θ 
from obtained H(θ) relations. With known C calculated from oven-dried θ and λ obtained by the 
long-time solution of the Blackwell (1954) equation, H was obtained by fitting the Blackwell 
equation to the temperature response curves. The issues of obtaining H from the conventional 
short-time solution of Blackwell equation, as well as the effects of soil textures, θ, ρb and probe 
body on H values were discussed. 
5.4 Materials and methods 
5.4.1 Theory 
For an infinite cylindrical heat source of radius r (m) that is surrounded by homogeneous 
infinite soil, if the heat is liberated continuously at a constant heating strength q (W m-1), the radial 
heat flow equations are given as (Blackwell, 1954) 
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where H (W m-2 K-1) is the thermal contact conductivity, ΔT1 and ΔT2 are the temperature changes 
from the initial temperature of the probe and soil (˚C), respectively; ρ is the radial coordinate, λ 
and α are thermal conductivity (W m-1 K-1) and thermal diffusivity (m2 s-1) of soil, respectively; 
Cp is the heat capacity of probe (J m-3 K-1), and 𝑡 is time (s). 
Laplace transformation of the above differential equations and boundary conditions with 
respect to t results in 
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where p is the Laplace transformation variable; ○T
1
 and ○T
2
 are the Laplace transforms of ΔT1 
and ΔT2, respectively. Solution of Eq. 5.6 subject to Eq. 5.7, 5.8, and 5.9 gives 
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, Y0(x) and Y1(x) are modified Bessel functions of the second kind, 
zero and first orders, respectively. The Gaver-Stehfest (Stehfest, 1970) inverse Laplace transform 
algorithm were used in Mathcad 15.0 (PTC Inc., Needham, MA) software to solve Eq. 5.10. 
This solution can be simplified to calculate λ using the long-time approximation (Blackwell, 
1954): 
Δ𝑇1(𝑡) = 𝐴 ln(𝑡) + 𝐵 𝑡 ≫
𝑟2
α
                                                      (Eq. 5.11) 
where 
𝐴 =
𝑞
4πλ
                                                                                      (Eq. 5.12) 
𝐵 =
𝑞
4πλ
[ln(α) − 2ln(𝑟) + ln(4) − γ +
2λ
𝑟𝐻
]                             (Eq. 5.13) 
where γ is Euler’s constant = 0.5772. The A and B can be obtained by linear fitting ΔT1~ln(t) curve 
at the long-time range to Eq. 5.11, and then λ can be calculated by Eq. 5.12.  
The Blackwell short-time solution can be expressed as (Blackwell, 1954; Liu et al., 2012) 
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where Z1, Z2, and Z3 are the fitting parameters, and H can be obtained by 
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𝑞
π𝑟
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α
                                                      (Eq. 5.15) 
If H is known, α can be obtained from Eq. 5.13. Then C can be calculated by C = λ /α, and θ 
can be obtained by 
𝜃 =
𝐶−𝜌b𝑐s
𝜌w𝑐w
                                                            (Eq. 5.16) 
where cs and cw are the specific heat capacity of soil mineral and water (cw = 4.18×103 J kg-1 K-1 
at 20 ˚C), ρw is the density of water (ρw = 1000 kg m-3 at 20 ˚C).  
As H value from the Blackwell short-time solution is subjected to large errors depending on 
the selection of the short-time range, we obtained H in the following way with known θ as follows: 
The value of C was calculated from Eq. 5.16 for a given θ and ρb, and λ was obtained from the 
long-time solution. Then α was obtained from α = λ/C, and H was obtained by fitting the inverse 
Laplace transform of Eq. 5.10 to the temperature response curve. 
The linear regression was used to fit the H(θ) relations of four soils measured by three probes 
with the same sizes and materials. As the H(θ) relations from three probes may be different for 
the same soil at the same θ, the following calibration method was used to eliminate the difference 
between probes. Suppose the H(θ) relations of the same soil at the same θ measured by probes 1 
and 2 were 
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𝐻1 = 𝑎1θ + 𝑏1                                                            (Eq. 5.17) 
𝐻2 = 𝑎2θ + 𝑏2                                                            (Eq. 5.18) 
respectively. Combining Eq. 5.17 and 5.18, we get 
𝐻1 =
𝑎1
𝑎2
𝐻2 + 𝑏1 −
𝑎1
𝑎2
𝑏2                                                            (Eq. 5.19) 
Taking H1 as the benchmark, Eq. 5.19 can be used to adjust H values from probes 2 and 3. Then 
the adjusted values of H from probes 2 and 3 were treated as two replicates to evaluate the θ 
predictions based on the H(θ) linear relationships obtained from probe 1 for the four soils. The 
root mean square error (RMSE) and bias of the estimations were calculated to evaluate the 
performance of θ estimations: 
𝑅𝑀𝑆𝐸 = √
∑(θm−θe)2
𝑛
                                                            (Eq. 5.20) 
𝑏𝑖𝑎𝑠 =
∑(θm−θe)
𝑛
                                                            (Eq. 5.21) 
where n is the number of data points, θm and θe are the measured and estimated θ (m3 m-3), 
respectively.  
5.4.2 Soil column setup and soil sample preparation 
Three single heat pulse probes with the same dimensions and construction were built as three 
replicates. Each probe is made of stainless steel needle (Penn Stainless Products, Quakertown, PA) 
and is 11 cm in length with an outer and inner diameters of 2.108 mm and 1.240 mm, respectively. 
A thermistor (10 KΩ at 25 ˚C, Model 10K3MCD1, BetaTHERM Corp., Shrewsbury, MA) was 
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placed in the center of the hollow needle. A one-loop nichrome wire (Nichrome A, electrical 
resistance is 69.06 Ω m-1, Pelican Wire Co., Naples, FL) was inserted into the needle and the 
needle was subsequently filled with Omegabond 101 epoxy (Omega Engineering, Stamford, CT), 
which has a relatively high λ and is an excellent electrical insulator. The needle was secured into 
a predrilled hole in a 32-mm-diameter and 32-mm-thick plastic plug. The plug was then installed 
at the bottom of a cylindrical PVC container (13 cm in height and 10 cm in diameter) which was 
used to house the soil sample. The ends of the heating wires and thermistors were soldered to 18 
AWG electrical wires and connected to a datalogger (Model CR9000XC, Campbell Scientific, 
Logan, UT) for data collection. 
The datalogger was used to control the heat input, to monitor the electric current through the 
heater, and to measure the temperatures of the sensor as a function of time. Three adjustable 
resistors and a heater-control relay circuit were used to control and measure the amount of heat 
released from the three probes. A continuous heating duration of 400 s (q ≈ 5 W m-1) was applied 
and the temperature was recorded with a frequency of 20 Hz for each probe. The heat pulses were 
executed four hours after the soil samples were packed into the columns to permit enough time 
for the ambient temperature to reach equilibrium. The temperatures five minutes before each heat 
pulse were recorded to double check the equilibrium. In the cases of non-equilibrium during our 
measurement, corrections were conducted using the linear interpolation method presented by Jury 
and Bellantuoni (1976). 
Four different textured soils were tested: the coarse sand (Industrial quartz sand, Unimin, New 
Canaan, CT), fine sand (collected from the Great Sand Hills, Saskatchewan), sandy loam 
(collected in Central Butte, Saskatchewan) and silty clay (collected in Saskatoon, Saskatchewan). 
All soils were air-dried and then passed through a 2 mm sieve to remove roots and other debris. 
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Soil texture was determined by the pipette method (Dane and Topp, 2002) and was classified 
based on the U.S. Department of Agriculture Classification (Table 5.1). Each soil was measured 
at θ ranging from air-dry to around 0.30 m3 m-3. There were four replicates of measurement at 
each θ. The pre-determined amount of water was spread on to soil sample, mixed in a plastic bag, 
shaken to distribute water uniformly and then packed into soil column. The actual θ was double 
checked by the standard oven-dry method after each heat pulse measurement. Because of the 
abundance of macro-pores in the coarse sand (all soil particle sizes larger than 1 mm) and the 
effect of gravity, the soil could not be packed to obtain uniform θ at the middle range of water 
contents. Therefore, the coarse sand were only tested at lower θ and higher θ. At the middle range 
of θ, we used 5 kg m-3 agar stabilized water instead of liquid water for the coarse sand 
measurement at θ from 0.03 m3 m-3 to 0.30 m3 m-3. The dry ρb of each soil packed in the soil 
columns were shown in Table 5.1.  
Table 5.1. Sand, silt, and clay contents, specific heat of solids (cs) and dry bulk densities (ρb) of four 
soils. 
Soil texture 
Clay content 
(%) 
Silt content 
(%) 
Sand content 
(%) 
cs at 20 °C 
(J kg-1 K-1) 
ρb  
(kg m-3) 
Coarse sand 0 (0†) 0 (0) 100 (0) 721 1.75×103 
Fine sand 2.3 (0.3) 0.3 (0.01) 97.4 (0.3) 848 1.56×103 
Sandy loam 12.3 (0.3) 22.3 (0.8) 65.5 (0.6) 897 1.43×103 
Silty clay 43.6 (1.2) 41.9 (0.2) 14.5 (1.0) 867 1.25×103 
† Numbers in parentheses are standard deviations of the replications. 
The value of cs was measured by a modulated differential scanning calorimetry (MDSC) 
technique (Model Q2000, TA instruments, New Castle, DE) (Kozlowski, 2012). The soil dry 
solids (msoil ≈ 10 mg) were compressed into a hermetic aluminum pan (m ≈ 55 mg). All the samples 
were put in the MDSC machine and equilibrated initially at 20 ˚C for five minutes, followed by 
the application of modulated temperature at ± 0.5 ˚C every 120 s for 10 min. The MDSC was 
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calibrated by using a standard sample with a known specific heat capacity (sapphire, in this study). 
The temperature change of the samples versus time under a heat flow signal was recorded by the 
MDSC machine, and the specific heat capacity was obtained directly through the TA Universal 
Analysis software (TA instruments, New Castle, DE). Details about the MDSC method used here 
refers to Li et al. (2015) and the results of cs are shown in Table 5.1. 
To obtain H, Cp of the three probes in Eq. 5.10 need to be known. The single probe bodies 
were not only made of stainless steel, but also contained a mounted loop of heating wire, 
temperature sensor and epoxy. The small differences in Cp of each of the components and in the 
heating wire’s installation may cause the Cp of the three probes to be different from each other 
and from that of stainless steel. To solve this problem, Cp of each probe was calibrated in an agar-
stabilized water solutions, with known thermal properties. The measured values of Cp for the three 
probes were 3.2 (±0.3)×106, 2.8 (±0.3)×106, and 4.5 (±0.3)×106 J m-3 K-1, respectively.  
5.5 Results and Discussion 
5.5.1 Soil thermal conductivity and thermal diffusivity 
A typical temperature increase ΔT in the single probe as a function of ln(t) curve is shown in 
Fig. 5.1A and seemed to be linear after 50 s. The residuals showed no obvious trends with time, 
indicating adequate fit by a linear regression in the time range of 50 to 400 s (Fig.  5.1B), and this 
behavior applied to all the measured ΔT~ln(t) curves (data not shown for brevity). Furthermore, 
the use of Eq. 5.11 requires t ≫⁡r2/α, where r = 0.0011 m and the smallest α = 3×10-7 m2 s-1 from 
the four soils (Fig. 5.2A). As a result, the largest r2/α value was 4 s, which was 10 times smaller 
than 50 s. Therefore, 50 s was considered as the beginning of the long-time and data points from 
50 to 400 s were chosen to calculate λ using Eq. 5.11.   
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Fig. 5.1. (A) Typical temperature increases (ΔT) as a function of logarithmic time (t) curve measured 
by a single heat pulse probe with measuring frequency of 2 Hz and (B) the residual plot of its linear 
regression of the ΔT~ln(t) relation at 50 to 400 s time range. 
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Fig. 5.2. (A) Thermal diffusivity α and (B) thermal conductivity λ of soils at various water contents 
θ. Error bars indicate the standard deviations in λ or α values of the three probes. 
As shown in Fig. 5.2B, λ values were between 0.3 and 0.5 W m-1 K-1 for the dry soils, and λ 
increased with increasing θ. For the coarse sand and fine sand, there was a rapid increase of λ with 
increasing θ when θ < 0.10 m3 m-3 and slightly afterwards; whereas for the sandy loam and silty 
clay, λ increased slightly when θ increased from 0 to 0.10 m3 m-3, and then increased more rapidly 
from 0.10 to 0.20 m3 m-3. When the soils were at the same θ, λ values were lower for the finer 
textured soil. As a note, both λ and α of the coarse sand obtained from the agar-stabilized water 
and liquid water were similar (Fig. 5.2), suggesting the agar-solution did not affect thermal 
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properties of the coarse sand even though the status of water was changed from liquid to gel. This 
result was consistent with that obtained by Liu and Si (2010). 
When the soils were dry, α of all the four soils were around 3×10-7 m2 s-1 (Fig. 5.2A). As θ 
increased, α increased sharply to 1.6×10-6 m2 s-1 for the coarse sand and to 1.0×10-6 m2 s-1 for the 
fine sand at θ = 0.05 m3 m-3, and then decreased gradually as θ continued to increase. Thermal 
diffusivities of the sandy loam increased to a peak value of 7×10-7 m2 s-1 at θ = 0.2 m3 m-3, and 
that of silty clay increased to only 4×10-7 m2 s-1 at θ = 0.35 m3 m-3. Most of the standard deviations 
of λ and α were smaller than 0.1 W m-1 K-1 and 6×10-8 m2 s-1, respectively, indicating that the 
three probes provided very similar λ and α values. There were several exceptions with higher 
standard deviations (Fig. 5.2); however, they were still small compared to the λ and α values. For 
example, λ and α had the largest standard deviations at θ = 0.03 m3 m-3, but they were only 12% 
of the λ and α values. Therefore, the λ and α values were soil dependent, but were probe 
independent. This result is consistent with that of Macher et al (2013), who showed that the 
difference between heat pulse probes due to the existence of H only causes a shift of the ΔT~ln(t) 
curve, but does not affect the slope of the curve from where λ is calculated. Therefore, the effect 
of H on λ determined from the slope of the ΔT~ln(t) curve is negligible. Note that λ and α had low 
sensitivity to θ change for finer materials, suggesting inferring θ from the λ~θ relation as indicated 
by Ciocca et al. (2012) may be problematic with the SPHP or the AHFO-DTS method. 
5.5.2 Thermal contact conductivity 
5.5.2.1 Issue with the short-time solution of Blackwell equation 
Obtaining H from the short-time solution was benefited by the recent development of high-
frequency dataloggers that allows for more data points collected (Waite et al., 2006); however, 
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large errors may be caused by the selection of the short-time range. For example, Liu and Si 
(2011b) used the data points collected at a as high as 20 Hz frequency during the initial  1.2 s for 
the short-time solution. The range of short-time should be t ≪⁡r2/α where r is a constant for a 
probe, and the obtained α values of all dry soils were around 2.7×10-7 m2 s-1, which was similar 
to that of our results (Fig. 5.2A). However, when the soils are wet, α varies as θ and soil texture 
change, which means that a suitable short-time range may be different from soil to soil and vary 
with θ. 
To examine the errors on H due to the different selection of the short-time range, the 
CR9000XC datalogger (Campbell Scientific, Logan, UT) with an even higher measuring 
frequency (100 Hz) was used here. Another advantage of the high frequency is that more accurate 
value of the time-lag of the thermistor’s temperature response can be detected. It shows that the 
temperature of the thermistor increased immediately (Fig. 5.3A), indicating the time-lag was 
smaller than 0.01 s. This result was different from that observed by others, such as 0.08 s by Liu 
and Si (2011b) and 0.2 s by Waite et al. (2006). Nevertheless, fitting data points in 0 to 0.9 s time 
range may cause more than 70% relative error in the estimated H as compared to fitting data in 0 
to 1.2 s time range (Fig. 5.3A), even with such high-frequency and high-precision temperature 
data (Fig. 5.3B). Different time range would result in substantially different α, indicating the short-
time approximation may not be valid. Therefore, the short-time solution of the Blackwell equation 
was not suitable for the wet soils in practice.  
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Fig. 5.3. (A) Typical temperature increase (ΔT) as a function of time (t) curve at the first 0.2 s with 
measuring frequency of 100 Hz; and (B) relative errors of thermal contact conductivity between the 
dry coarse sand and probe 1 obtained from the short-time solution using different time ranges (0 to 
0.8-2.5 s) as compared to 0 to 1.2 s; and (C) relative errors of thermal contact conductivity between 
the coarse sand and probe 1 at various water contents (θ, m3 m-3) obtained by curve fitting the inverse 
Laplace transform of Equation 5.10 using different time ranges from 0 to 300-400 s as compared to 
0 to 400 s. 
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5.5.2.2 Full time range solution of inverse Laplace transform of Blackwell equation 
Instead of using the short-time solution, we obtained H by fitting the inverse Laplace 
transform of Eq. 5.10 to the temperature data for the full time range from 0 to 400 s. It shows that 
the obtained H was not affected by the time range selection as compared to the short-time solution 
(Fig. 5.3C). For example, fitting data points from 0 to 300 s instead of from 0 to 400 s only caused 
less than 2.5% and 0.5% relative errors on H for dry and wet soils, respectively (Fig. 5.3C). The 
time range independence is a great advantage for the full time range curve fitting using the inverse 
Laplace transform method as compared to the short-time solution. The H values of four soils at 
various θ from the curve fitting method were presented in Fig. 5.4. The effects of θ, ρb, and soil 
texture on H values will be discussed below. 
For a specific in situ soil, θ is the dominant factor that control H. Similar to λ, H of the coarse 
sand with agar-stabilized water did not show obvious differences from that with the liquid water 
(Fig. 5.4A). The H value of the coarse sand increased with increasing θ. When soil was dry, there 
was only a small portion of the soil particle surface touching the probe body; consequently, H was 
very small with around 600 W m-2 K-1 for all three probes. When the soils were wet, the water 
occupied some of the void space between probe and soil, thus there was increased contact areas 
between soil and the probe through the water films. As a result, H increased sharply for all three 
probes; however, the absolute H values of these three probes were different. The increasing trend 
of H with θ also showed in the fine sand, sandy loam, and silty clay soils (Fig. 5.4B, C, and D). It 
was interesting to see that H of the coarse sand at very low θ were abnormally high, which is 
unexplainable and should be studied further.  
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Fig. 5.4. Thermal contact conductivities (H) of coarse sand (A), fine sand (B), sandy loam (C), and 
silty clay (D) at various water contents (θ). The lines are fitted H(θ) relations by the linear regression. 
Error bars indicate the standard deviations of four measurement replicates. 
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To investigate the effect of ρb on H values, it is important to maintain the same ρb during the 
experiment; however, it was difficult to pack different textured soils at the same ρb in practice. In 
this study, ρb decreased as soil texture became finer (Table 5.1). Nonetheless, we maintained the 
same ρb for the same soil at different θ. There were two main effects of ρb on H. Firstly, the coarser 
soils with the higher ρb resulted in higher H values when they were at the same θ. This may be 
because higher ρb is associated with higher contact pressure between two materials’ contact 
interface, which contributes to the increased actual contact area and increases in H (Cooper et al., 
1969; Bahrami et al., 2004b; Wang et al., 2012). Secondly, as shown in the standard Proctor 
compaction test, with the same amount of packing power, ρb increased as θ increased, and reaches 
a maximum at a certain mid-range of θ, and then decreased with further increase in θ (Penner et 
al., 1975). Our experiments showed that the coarse sand and fine sand had a relative constant ρb 
at different θ. However, with the same amount of packing power, ρb became higher at the mid-
range of θ for the sandy loam and silty clay. To keep a constant ρb for the same soil, we had to 
reduce the power to pack the sandy loam and silty clay soils at the middle range of θ, which may 
resulted in lower contact pressure and less contact area between soil particles and the probe than 
that at the lower and higher θ. This may be the reason for the smaller H increase in the sandy loam 
and silty clay soils than in sand soils at the mid-range of θ.  
Soil texture affects H in two ways. First, the typical ranges of ρb values of different textured 
soils are different, which resulted in different H values as discussed above. Second, different 
textured soils are composed of different percentage of the sand, silt, and clay particles, and have 
different characterizations of surface deformation, soil particle shape and arrangement at the soil-
probe interface (Bahrami et al., 2004b; Sauer et al., 2007; Cui et al., 2014). However, more 
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detailed studies at smaller scales with the aid of microscope are needed to have clearer views on 
the actual contact situation and to better explain those factors in the future. 
5.5.2.3 Soil water content prediction 
Even though H from the three probes showed a similar trend with increasing θ, the absolute 
H values of three probes were quite different. As shown in Fig. 5.4, the H values of probe 1 were 
consistently higher than that of probe 2; however, H of probe 3 for the two sandy soils were lower 
than probes 1 and 2 when soils were dry, and higher than them when soils were wet. For the sandy 
loam and silty clay soils, the H values of probe 3 were lower than probes 1 and 2 at lower θ, and 
higher than them when θ were higher than 0.12 m3 m-3 and 0.32 m3 m-3, respectively. In order to 
eliminate or reduce the differences of H between the three probes, we measured the H values in 5 
kg m-3 agar-stabilized water, and the ratios of the H values in soils to the H values in agar solutions 
of the three probes were taken (Results not shown). However, there were still substantial 
differences in the ratio of H between probes after this treatment. The difficulty in unifying the 
differences of H values between the three probes indicated that H may not only be affected by the 
probe properties, but also affected by the interactions between the probes, soil and water, and more 
research is needed. 
The H(θ) relationships of four soils measured by the three probes were well fitted with high 
coefficient of determinations (r2 > 0.61), except for the coarse sand (Table 5.2, Fig. 5.4). As H not 
only changed with θ but also was soil specific, it was important to quantitatively relate soil 
properties to H(θ) relationships. The relations between ρb and the slopes and the intercepts of H(θ) 
relationships were shown in Fig. 5.5. The slopes of H(θ) relations for the three probes decreased 
with increasing ρb, except for the silty clay. The intercepts of H(θ) relations for the three probes   
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Fig. 5.5. Effects of soil bulk density (ρb) on the (A) slope and (B) intercept of the thermal contact 
conductivity-soil water content relations. 
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increased with increasing ρb, except for probe 3 of the sandy loam. Therefore, although there was 
a trend between the slope and intercept of H(θ) relations and ρb, it was still challenging to 
quantitatively describe their relationship. 
Given the probe dependence of H, and if we unify the differences between three probes using 
the fitted linear H(θ) relations, we may obtain accurate θ predictions from probes 2 and 3 based 
on the H(θ) relations of probe 1. To do this, the H values of probes 2 and 3 were calibrated through 
Eq. 5.19, and then the predicted θ values of probes 2 and 3 were obtained from the H(θ) relations 
of probe 1, and were compared with that measured by the oven-dry method (Fig. 5.6). 
Table 5.2. Slope (a), intercept (b) and coefficient of determination (r2) between the thermal contact 
conductivity (H) and soil water content (θ) (H=aθ+b) for four soils measured by three probes. 
 Coarse sand Fine sand Sandy loam Silty clay 
Probe 1 2 3 1 2 3 1 2 3 1 2 3 
a (W m-2 K-1) 858 2078 7193 1503 3589 12358 2599 6095 21446 1240 2392 3700 
b (W m-2 K-1) 1126 1600 2054 1114 1532 1649 739 600 -741 635 586 102 
r2 0.19 0.24 0.49 0.61 0.69 0.75 0.96 0.96 0.92 0.62 0.93 0.80 
Probes 2 and 3 provided accurate θ predictions for all soils except for the coarse sand with the 
errors < 0.04 m3 m-3. The estimate accuracies were indicated by the RMSE and bias (Fig. 5.6). 
The RMSE for probe 2 were smaller than 0.038 m3 m-3 for all soils, except for the coarse sand 
with RMSE = 0.114 m3 m-3. The RMSE were smaller than 0.056 m3 m-3 for all soils, except for 
the probe 3 for the coarse sand with RMSE = 0.075 m3 m-3. The negative or positive bias values 
indicate the over- or underestimations of θ. Both probes provided unbiased θ predictions (< 0.03 
m3 m-3). The bias values of the coarse sand and fine sand were ranged -3.02×10-2 ~ -1.14×10-2 m3 
m-3, and that of sandy loam and silty clay were even smaller (ranged -1.63×10-6 ~ 1.62×10-6 m3 
m-3). The RMSE and bias values of the same soil from both probes 2 and 3 were similar, indicating 
small variability between probes. 
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Fig. 5.6. Soil water content (θ) of coarse sand (A), fine sand (B), sandy loam (C), and silty clay (D) 
predicted by probe 2 and 3 based on the linear relations of thermal contact conductivity (H) as a 
function of θ obtained from probe 1, compared to θ measured by the oven-dry method. Error bars 
indicate the standard deviations of four measurement replicates. 
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The poor θ predictions of the coarse sand may be caused by the inaccurate H values 
determined by the single probes. The fine sand, sandy loam, and silty clay soils collected in the 
field contained well mixed soil particles with different sizes; however, the coarse silica sand only 
contained sand particles with diameter > 1 mm (Table 5.1). The lack of silt and clay particles in 
the coarse sand may lead to different ρb and contact changes during each packing of soil, which 
resulted in inaccurate H values. 
5.6 Conclusions 
By using high frequency temperature data points, we proved that the accuracy of H between 
the single heat pulse probe and soil from the short-time solution of Blackwell equation were highly 
depends on the selection of the short-time range. Therefore, an alternative method to obtain H 
from the known θ by fitting the inverse Laplace transform of Blackwell equation were conducted 
on four soils at a wide range of θ. The results showed that the new full time range curve fitting 
method was better than the Blackwell short-time solution as it was independent of time range 
selection. The main factors that influence the H values include θ, the probe body, soil texture and 
ρb. The H values increased with increasing θ, decreased as soil texture became finer, and decreased 
as ρb became smaller. Quantitative description of H(θ) relations as a function of soil physical 
properties is challenging and need further studies. After unifying the differences of H values 
between the three probes, probes 2 and 3 provided accurate θ predictions based on the linear H(θ) 
relations from probe 1 for all the field soils except the coarse silica sand. This study presented the 
potential of the SPHP method in determining in situ θ and a better understanding in H values. 
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6 SYNTHESIS AND CONCLUSIONS 
The heat pulse probe method can be used to measure thermal properties and the water content 
of soils and rocks, as well as soil water flux, sap flow, soil ice content, and snow density. Based 
on the principles of the heat pulse probe, the AHFO-DTS system extended the soil thermal 
properties and θ measurement scale from one point to the intermediate scale. The interactions 
between soil thermal properties and θ indicates the importance to measure soil thermal properties 
and θ at the same time, location, and scale by one single instrument. Currently, the SPHP method 
can only measure soil λ. The DPHP method can measure all three soil thermal properties and θ; 
however, it has not been applied in saturated media, such as bogs, lake bottoms, and oil sands 
MFT. Based on the SPHP principle, the AHFO-DTS system can measure λ and θ of soils; whereas 
based on the DPHP principle, it can measure all three soil thermal properties and θ. Therefore, it 
is important to extend the DPHP method to other materials, and develop the SPHP method to 
enable it to measure all three thermal properties and θ, allowing the AHFO-DTS method to also 
be improved. 
Canada has the largest oil sands reserves in the world, subsequently generating a large volume 
of MFT. The characterization of the spatial and temporal distribution of MFT consolidation is 
critical for the management of the MFT reclamation. The DPHP method has the potential to be a 
useful tool to monitor the MFT solidification process by measuring MFT’s solid percentage. 
Therefore, the first objective of this research was to examine the feasibility of the DPHP method 
to measure the solid percentage of MFT. 
The DPHP method is subject to large errors due to needle deflections when the dual probe is 
inserted into hard soils, especially in dry clay soils and in soils with rocks. This issue can be 
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avoided by the SPHP method. Therefore, developing the SPHP method for simultaneous soil 
thermal properties and θ measurement would be beneficial. Therefore, the second objective of this 
research was to test the possibility of determining θ with the SPHP method by comparing three 
different methods of data interpretation developed from the AHFO-DTS method. 
Accurate determination of θ by the SPHP method was obtained by the AHFO-DTS methods; 
however, those methods need soil-specific calibrations. In order to obtain θ and all three soil 
thermal properties from the SPHP method without soil-specific information, H between the soil 
and the probe has to be known. Therefore, the final objective was to determine H, examine the 
effects of soil properties on H, and explore the possibility of θ determination by H(θ) relationships. 
In the previous three research chapters (Chapter 3-5), developments of both the DPHP and 
SPHP methods were presented for soil and oil sands MFT measurements of thermal properties, θ, 
and solid percentage.  
6.1 Summary of Findings 
Chapter 3 demonstrated that the DPHP method can be used to monitor the consolidation 
process of oil sands MFT in situ. The DPHP measured solid percentages agreed well with the 
standard oven-dry measurements. The accuracy of DPHP measured MFT solid percentage can be 
further improved by the independently measuring actual specific heat of each MFT sample using 
the MDSC method. Since the DPHP method is accurate, inexpensive, and can be automated, it 
can be easily adapted to monitor the energy flux and balance and consolidation process of MFT 
in oil sand tailing ponds.  
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Chapter 4 compared the λ(θ), TNcum(θ), and TNmax(θ) methods for θ determination using the 
SPHP soil column experiments. The results showed that the λ(θ), TNcum(θ), and TNmax(θ) curves 
from a single probe differed with the tested soils. Error analyses and θ predictions from two 
additional probes verified that the SPHP method is accurate to determine θ. However, each of the 
three methods was only suitable for certain soil types. Within the commonly used time range, the 
choice of heating time had a negligible effect on the precision and accuracy of θ determinations 
from all three methods for all four soils (the coarse sand, fine sand, sandy loam, and silty clay 
soils). One drawback of the three methods is that a soil-specific calibration is required and more 
research is needed to quantitatively establish the calibration relationships. The TNcum(θ) and 
TNmax(θ) methods required shorter heating time, thus providing fast measurements. However, the 
λ(θ) method does not require probe specific calibration. The choice of three methods ultimately 
depends on the users requirements. 
Chapter 5 presented a new way to calculate H and predicted θ from the H(θ) relationships. 
The problem associated with the traditional Blackwell short-time scale solution to calculate H 
between the single probe and soil were discussed, and a new method to obtain H from a known θ 
by fitting the inverse Laplace transform of Blackwell equation was conducted on four soils over 
a wide range of θ values. The results showed that the new method is not affected by the time range 
selection. Soil thermal contact conductivity is affected by many factors, such as θ, probe body, 
soil texture and ρb. A quantitative description of the H(θ) relationships as a function of soil 
physical properties is currently challenging and need future studies. Results from three probes 
with the same dimensions and materials showed that accurate θ predictions based on the probe 
specific linear H(θ) relations can be obtained for all soils except the coarse sand. This study 
showed the potential of monitoring θ in situ using the SPHP method. 
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6.2 Future Research Directions 
This research extended the application of the DPHP method to oil sands MFT. It is also the 
first study on ρb measurement by the DPHP method without additional θ measurements. This 
study enhanced our understanding on soil H and θ measurement using the SPHP method. The dual 
probe study results provide a improved option for the oil sands industries to monitor the MFT 
solidification process, and to understand the temperature regime and heat balance of MFT. The 
results of H between single probe and soils improve the current understanding of the probe-soil 
contact effects, and how it changes with water, soil, and the probe. Finally, the knowledge about 
H allows better θ measurement with the SPHP method and the AHFO-DTS system. 
To further improve the heat pulse probe method, the following research topics are suggested 
for future studies: 
1. Multiple dual probes can be installed in oil sands MFT ponds at different depths and 
locations to evaluate the in situ performance and long-term monitoring of solid percentage 
measurements. 
2．The DPHP method can be used in the future to study the flux and balance of coupled 
energy and water of MFT reclamation sites for an improved re-vegetation management. It also 
can be used in other saturated soil medium, such as the bottom of bogs, rivers, lakes, and deltas, 
if studies on the water, temperature, and heat regimes are needed. 
3. The effect of ρb on the H values between the single probe and soil should be further studied. 
Different ρb values of the same soil at the same θ should be measured and compared in the future. 
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4. The study on the SPHP method showed that the λ(θ), TNmax(θ), TNcum(θ), and H(θ) relations 
were soil-specific, and unifying the difference using the non-empirical relationships is difficult. 
One possible solution to this issue was addressed by Nakshabandi and Kohnke (1965). For 
different textured soils, the thickness and geometric arrangement of the water layer around the 
soil particles influence the conductivity of the system. Since the arrangement of water molecules 
in the soil is linked with water tension, substituting θ with soil matric potential in these four 
relationships may eliminate the difference between different textured soils. However, this 
treatment involves additional measurement of soil water retention. 
5. The effect of temperature on the soil thermal properties of unfrozen and frozen soils has 
been previously studied. Temperature has less of an effect on soil thermal properties compared to 
θ in unfrozen soils; however, the appearance of both water and ice and the differences in thermal 
properties between water and ice make soil thermal properties and ice content measurements in 
frozen soils complex. A better methodology should be built to allow the measurement of soil ice 
content using the heat pulse probe method and to solve the problems associated with the latent 
heat flux and phase change caused by probe heating when the soil temperature is near 0 ˚C. 
6. Soil thermal contact conductivity H between the fibre optic cable and soil should be further 
studied to explore the potential of the AHFO-DTS system for simultaneous λ, C, α, and θ 
measurements at an intermediate scale. 
7. The dependence of soil thermal properties on temperature is well known. However, H was 
only measured in room temperature in this study. Therefore more studies are needed to explore 
the temperature effect on H. 
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8. This study assumed that the soil and MFT systems measured by the heat pulse probes were 
homogeneous and isotropic. However, the needle deflection of the dual probe caused by the shrink 
and swell should be considered or solved for a long-term in situ monitoring. The presents of cracks 
and macro pores will cause more resistance on heat transport; therefore, the effect of the size, 
shape, and other configurations of the cracks on heat pulse probe measurement should be studies 
in the future. In addition, the forced convection of heat can happen as a result of water flow in soil, 
which violates the assumption of an isotropic soil medium, especially during the rainfall events. 
Therefore, the effects of soil water flux density and direction on heat pulse probe measurement 
accuracy should be evaluated. 
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Appendix 1 Heat Pulse Probe Fabrication Guide 
Table A.1 Specialty materials for the heat pulse probe fabrication used in this study 
Item Manufacture Single probe Dual probe 
Stainless steel 
hypodermic 
tubes 
Penn Stainless Products, 
Quakertown, PA 
Length: 115 mm 
Outer diameter: 2.108 mm 
Inner diameter: 1.240 mm 
Length: 33 mm 
Outer diameter: 2.108 mm 
Inner diameter: 1.240 mm 
Thermistors 
BetaTHERM Corp., 
Shrewsbury, MA 
10 kΩ at 25 oC, Model 10K3MCD1 
Heating wires 
Pelican Wire Co., 
Naples, FL 
69.06 Ω m-1 205 Ω m-1 
Epoxy 
Omega Engineering, 
Stamford, CT 
Omegabond® 101 high thermal conductivity epoxy 
Plastic 
plug cups 
 
Outer diameter: 32 mm 
Length: 32 mm 
Wall thickness: 5 mm 
With predrilled holes 
Glue for plug  LePage® speed set epoxy 
Solder  Lead free acid flux cored silver solder 
Electric cables  14 AWG 
Other consumables: cardboard, Scotch transparent removable tape, fine-grit sandpaper, 
heat-shrink rubber tubes, stirring sticks, thin hypodermic rubber tube, 6 mL syringe with needle. 
Tools: caliper, cut off tool, heat gun, magnifying glass, ohmmeter, pen, razor blade, scissor, 
soldering iron, wire cutter and stripper. 
Important tips: 
1. Be patient and gentle. Because the thermistors and the wires are very tiny, make sure to 
be meticulous enough in each step, or they will be broken easily. It is worth to spend two whole 
days to build an accurate probe rather than two hours to build an inaccurate one. 
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2. Check wire connections. After sanding the ends of the heating wires and thermistors, be 
sure to use an ohmmeter to check if there are correct resistance readings. It is easy to break them, 
especially during the period after the soldering and before filling epoxy to the probe plug cup. 
3. Practice. It is highly recommended to use the spare wires and tubes to practise your 
soldering and epoxy filling skills, which are the trickiest steps to build a heat pulse probe. As the 
heating wires need higher temperature for soldering than the thermistors, the heating wires may 
be more difficult to be soldered together with electrical cables.  
Steps to fabricate a heat pulse probe: 
1. Cut off the stainless steel hypodermic tubes with the lengths needed. 
In this study, the needle lengths of the single probes are 110 mm, and a 5 mm additional length 
is needed to amount the tube into the probe body; therefore, in total of a 115 mm length is 
sufficient. For the dual probes, the needles are 33 mm long in total, with 5 mm in the wall of the 
probe body plug and 28 mm outside of the plug for measurement. Cut the needles needed with a 
drum tool, and then change the cutting tip with a sandpaper tip to smooth the cutting edges (Fig. 
A.1). 
 
Fig. A.1 Stainless steel needles have been cut and the cut off tool with a sandpaper tip on. 
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2. Cut off the thermistor wires and heating wires with the lengths needed and mark with 
the scotch removable tapes. 
Taking the single probe as an example, the heating wire will be threaded through the whole 
length of the needle in one loop. Therefore, first fold the heating wire and measure 115 mm with 
a caliper, put a tiny piece of removable tape to mark this spot. In this way, we have a sign to 
confirm that the heating wire is in the correct location when we insert the heating wire into the 
needle. An extra 10 mm length of the wire located outside of the needle and placed in the plug 
cup is needed to be soldered with the electrical cable later. Therefore, we should cut a total length 
of 250 mm for a loop of heating wire (Fig. A.2). 
 
Fig. A.2 Schematic of the single probe sizes (not to scale). 
For a thermistor, the tip of the thermistor should be placed a little over the centre of the needle, 
i.e. 55 mm distance from the tip of the needle as shown in Fig. A.2. This is because only 110 mm 
out of 115 mm of the needle is actually used as the probe for measurement, the rest of 5 mm needle 
is amounted in the plug cup. Therefore, we should mark 60 mm (55+5 mm) with the removable 
tape and cut it with a length of 70 mm (extra 10 mm for soldering). 
The same method and calculations can be applied to the dual probes. As a much higher heating 
strength is needed for the dual probe, the heating wires should be two loops installed in the dual 
 
55 mm 
110 mm 
5 mm 
32 mm 
32 mm 
55 mm 
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needle to ensure enough heating power. Of course, the number of loops depends on the resistance 
per unit length of the heating wire you have. In conclusion, one loop of the heating wire and one 
thermistor are installed in the same needle for the single probe; whereas for the dual probe, two 
loops of the heating wire and one thermistor are installed in the heater needle and one thermistor 
is installed in the sensor needle. Note that the needle sizes and the heating wires are different 
between two kinds of probes (Table A.1).  
3. Glue the heating wire and thermistors in the needles with Omegabond® 101 epoxy. 
First, place the wires in the needles at the correct positons judged by the positions of the 
removable tapes. In Fig. A.3 you can see what I did was to make the wires a few cm longer than 
what is needed, and then cut the wires to the length I actually need after the wires were glued by 
the epoxy. You can choose do it in either way. Fix the needle and wires on a cardboard vertically 
with removable tapes and the tails of the wires should be at the top. 
 
Fig. A.3 The single probe needle with one loop of heating wire and one thermistor installed. 
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Now take out the epoxy containers which should be kept in the refrigerator. There are two 
tins, one resin and another one catalyst (Fig. A.4). Mix them in a container around 1:1 volume 
with a stirring stick. The amount of epoxy needed for the needles is really tiny. The epoxy will 
become dry and sticky quickly, so be sure to use them as soon as possible. Load some epoxy in a 
6mL or similar size syringe with a hypodermic needle. 
The best way to squeeze the epoxy into the heat pulse probe needles may be to use a section 
of rubber tube that fits both the syringe needle tube and the heat pulse probe needles (Fig. A.4). It 
is recommended to practice this step with an empty needle. Do not push the syringe too fast, and 
give the epoxy enough time to fill up the whole the needle slowly without air entrapped. In 
addition, the heating wires and the thermistors may be pushed out when you fill the epoxy, because 
the epoxy is sticky. Please check the position of the tapes attached on the wires frequently and 
bring them back if they move. After finishing the filling, remove the rubber tube from the needle, 
and modify the tip of probe needle to a nice round shape with epoxy using a stick so the heating 
wire is not exposed out of the needle. Now put the probe needle horizontally and wait for 24 hours 
until the epoxy is try enough to continue next step. 
4. Solder the probe wires to the electric cables. 
When the epoxy is dry, remove the tapes on the wires. Use a fine-grit sandpaper to rub 3 mm 
of the tip ends of the wires to remove the enamel electric insulation coats. Using a magnifying 
glass to check if the coats at all sides of the wires have been removed. The two ends of the 
thermistor wires are tied together and need to be split all the way down to the base of the needle. 
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Fig. A.4 High thermal conductivity epoxy (A) and syringe items (B) and connections (C). 
Choose the appropriate electric cable. Taking the single probe as example, each of the 
thermistor and the heating wire has two ends, therefore a 4-core electric cable can be used. Cut 
the electric cable to an appropriate length needed to connect the heat pulse probe to the datalogger. 
Strip 2 cm off two ends of the cable using a wire stripper to expose the four core wires, and then 
trim 3 mm off the two end of each core wire. One end for soldering to the probe and another for 
connecting to the datalogger (Fig. A.5). 
Before the soldering, put a 2-cm long heat-shrink rubber tube on each end of the heating wire 
and thermistor, which will be used for thermal and water insulation. Place and fix the heating 
wires, the thermistors, and the probe needle on a cardboard using the removable tape, so that the 
tips of the wires needed to be soldered together touch each other. Heat up the soldering iron to 
370 oC, and solder the wires using the flux-cored silver solder. A little bit of solder is enough, so 
try to avoid suing too much solder or soldering for too long. After finishing the soldering, check 
Syringe 
Syringe needle 
Rubber tube 
A B 
C 
Heat pulse 
probe needle 
Rubber tube 
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the resistance of the wires at the end of the electric cable using an ohmmeter. Now adjust the 
positions of heat-shrink rubber tubes so they cover all naked wires around the soldering points, 
then use the heat gun to heat them to prevent short. Then label each core wire of the electric cable 
at your convenience so you know which wire is connected to which in the probe (Fig. A5). 
 
Fig. A.5 One end of the electric cable to be connected to a datalogger. 
5. Secure the needles in the probe body plug cup. 
This step needs your patient the most, as the soldered wires are very fragile. The Physics Shop, 
University of Saskatchewan, made the plastic plug cup with holes for us (Fig. A.6A), because a 
computer-assisted lathe is needed to drill a hole with such a small diameter of the heat pulse probe 
needles. Then coil up the cable and fix it on a cardboard, and then insert the probe needle slowly. 
Because the hole and the needle fits tightly, it is not easy to install. Be careful not to break the 
wires. After inserting the needle at the correct position in the cup, fix them on the cardboard with 
removable tapes, and then put the cardboard vertically for filling with epoxy. 
150 
Now it is ready to fill the cup with glue. We used the 5-minutes fast set epoxy glue to fill the 
cup following the product instructions; however, it takes several hours to be completely dry. One 
of the single probe we made is shown in Fig. A.6B.  
Reference: E. Benson. 2004. A guide for the construction and operation of dual-probe heat-
capacity sensors. Kansas State University. 
              
Fig. A.6 An example of the probe body plug cup (A) and a fabricated heat pulse single probe with 
electric cable (B). 
  
A B 
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Appendix 2 Wiring diagrams and pictures of the heat pulse probe setup 
The heat pulse probe needs to be connected to a datalogger to conduct the automated soil 
property measurement. The commonly used dataloggers are CR10X, CR1000, and CR9000X 
from Campbell Scientific, Logan, UT. And the software to write, send, and receive programs to 
the datalogger and to download the measurement data is called LoggerNet (Campbell Scientific, 
Logan, UT). 
The model CR10X is relative old and the program of CR10X is written in “Edlog”, which is 
very difficult to read. The CR1000 and CR9000X are newer and use a much more friendly 
language - CRBasic - to write the programs. In addition, the internal data storage memories of 
CR1000 and CR9000X are larger and can be expended by an external memory. We mainly used 
the CR9000X datalogger in this study because it can measure as many as up to eight single probes 
at the same time, whereas the CR1000 has to use a multiplexer to hook up to more than two probes. 
In this appendix we presented the wiring diagrams and pictures of the single probes with 
CR9000X datalogger connections to the readers. It will be the same way to connect a dual probe, 
and the only difference is that the dual probe does not need an adjustable resistor to control the 
heating strength. This is because a much higher heating strength is needed for the dual probe and 
the heating wires are installed two loops in the probe based on our calculation in advance to 
provide sufficient power. For the single probe; however, a much lower heating strength is required 
so the temperature of the probe increases slower.  Therefore, an adjustable resistor is needed to 
limit the current. All the main equipment and materials needed to build up the system is listed in 
Table A.2.  
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Table A.2 Items used in this study for the single-probe heat pulse setup 
Item Manufacture Notes Picture 
Datalogger 
Campbell Scientific 
Logan, UT 
Model CR9000X 
 
Resistor 
Vishay Intertechnology 
Malvern, PA 
Dale RH-25 
25 W, 1 Ω, 
1 % precision 
 
Precision 
resistor 
Vishay Intertechnology 
Malvern, PA 
5 kΩ, 
0.01 % precision 
 
Adjustable 
resistor 
 0 - 100 Ω 
 
Relay 
Crydom, 
San Diego, CA 
Voltage: 
Control:3.5 - 32 V 
Load: 1 - 100 V 
 
Cylindrical 
PVC containers 
 
Height: 13 cm 
Diameter: 10 cm 
Used as soil columns 
 
PVC container 
cover 
 
Made of duck tapes 
filled with 
insulation batts 
 
Electrical wires  18 AWG  
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Figure A.7 shows the CR9000X datalogger system with three single probes connected, which 
was used for soil measurement in Chapters 4 and 5. We used a vehicle battery to provide 12 V 
power for the datalogger. For the heaters of the probes; however, we used an independent AC to 
DC adapter for two reasons. First, the heater and datalogger sharing one power source can cause 
the datalogger system errors sometimes. Second, an AC to DC adapter can provide a constant 
heating input for the probes, whereas the voltage of the battery decrease after each measurement. 
A relay was used for the datalogger to turn on and off the heat pulses, and an adjustable resistor 
was used for each probe to control the single probe heating strength be around 5 W m-1 (Fig. 
A.8A). In order to reduce the ambient temperature change effect on the measurement, we made 
coat (Table A.2) for the PVC soil columns using the duck tapes with insulation batts inside. 
The temperature data are calculated from the measured resistances of the thermistors through 
the Steinhart-Hart Equation, and the resistances are recorded by the datalogger through the four-
wire half bridge measurements. Figure A.8B. To help the readers to connect their own probes, a 
wiring diagram (Fig. A.9A) is provided, with the wires in black for the sensor and those in red for 
the heater. As the most important wiring connection, a picture of the four-wire half bridge is shown 
in Fig. A. 9B. 
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Fig. A.7 Picture (A) and schematic (B) of a CR9000X datalogger connected to three single probes. 
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Fig. A.8 Electric diagrams of the four-wire half bridge connection of the sensor needle (A) and the 
connection of the heater needle (B). 
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Fig. A.9 The wiring diagram of the single probe to the datalogger (A) and a picture of the four-wire 
half bridge connection of the thermistor (B). 
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Appendix 3 CRBasic program of the CR9000X datalogger for the single-probe 
heat pulse measurement 
'                       Program name: MINLI.C9X 
'                         Written by: minli 
'                        I.D. number: 20110513 
'                       Date written: 05-13-2011 
'                       Time written: 18:26:21 
'                     PC9GEN Version: 5.3.0068 
' This program was generated using Campbell Scientific's PC9GEN 
' Program Generator for the CR9000 Measurement & Control System. 
'          _____________ Logger CONFIGURATION _____________ 
'          Slot 1 = 9011     Slot 5 = 9050/51  Slot  9 = None      
'          Slot 2 = 9032     Slot 6 = 9050/51  Slot 10 = None      
'          Slot 3 = 9041     Slot 7 = 9060     Slot 11 = None      
'          Slot 4 = 9050/51  Slot 8 = 9070/71  Slot 12 = None      
'\\\\\\\\\\\\\\\\\\\\\\\\ SlotConfigure //////////////////////// 
SlotConfigure(9050,9050,9050,9060,9070) 
'\\\\\\\\\\\\\\\\\\\\\\\ TIMING CONSTANTS /////////////////////// 
Const F = 138 
Const SteinA = 1.1292E-3 
Const SteinB = 2.3411E-4 
Const SteinC = 8.7755E-8 
'\\\\\\\\\\\\\\\\\\ ALIASES & OTHER VARIABLES ////////////////// 
Public CumHeat1 
Public CumHeat2 
Public CumHeat3 
Public CalcHeat1 
Public CalcHeat2 
Public CalcHeat3 
Public CalcTemp11 
Public CalcTemp1 
Public CalcTemp22 
Public CalcTemp2 
Public CalcTemp33 
Public CalcTemp3 
 
Public elapsed 
Public ExtraDelay 
Public PortOn 
Public Battery_V 
Public Battery_mA 
 
'\\\\\\\\\\\\\\\\\\\\\\\\ OUTPUT SECTION //////////////////////// 
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DataTable(TempData, True, -1) 
DataInterval(0,0,msec,1) 
 CardOut (0,-1) 
 Sample (1, CumHeat1, IEEE4) 
 Sample (1, CalcHeat1, IEEE4) 
 Sample (1, CalcTemp1, IEEE4) 
 Sample (1, CumHeat2, IEEE4) 
 Sample (1, CalcHeat2, IEEE4) 
 Sample (1, CalcTemp2, IEEE4) 
 Sample (1, CumHeat3, IEEE4) 
 Sample (1, CalcHeat3, IEEE4) 
 Sample (1, CalcTemp3, IEEE4)  
 Sample (1, PortOn, IEEE4)  
 Sample (1,Battery_V,IEEE4) 
 Sample (1,Battery_mA,IEEE4) 
EndTable 
 
'\\\\\\\\\\\\\\\\\\\\\\\\\\\\ PROGRAM //////////////////////////// 
BeginProg 
Dim StartTime( 6 )          'the first time to begin cycling power 
StartTime( 1 ) = 2012       'year 
StartTime( 2 ) = 6          'month 
StartTime( 3 ) = 1         'day 
StartTime( 4 ) = 3         'hour 
StartTime( 5 ) = 54         'minute 
StartTime( 6 ) = 00         'second 
 
Scan(50,mSec,1,19600) 
 If IfTime(0,14400,sec) Then PortOn=1   
 If IfTime(600,14400,sec) Then PortOn=0 
 
If IfTime(0,14400,sec) Then CumHeat1=0  
If IfTime(0,14400,sec) Then CumHeat2=0  
If IfTime(0,14400,sec) Then CumHeat3=0  
 
 'set port1 high to turn on the heater, low to close. 
PortSet(7,8,PortOn,0) 
 Timer(1000,uSec,2) 
 
 SubScan (50,mSec,1) 
 BrHalf4W (CalcTemp11,1,mV200,mV200,4,1,7,8,1,200,1,1,20,20,5000,0) 
 CalcTemp11=SteinA+SteinB*LN(CalcTemp11)+SteinC*LN(CalcTemp11)*LN(CalcTe
mp11)*LN(CalcTemp11) 
 CalcTemp11=1/CalcTemp11 
 CalcTemp1=CalcTemp11-273.15 
 CallTable(TempData) 
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 BrHalf4W (CalcTemp22,1,mV200,mV200,4,3,7,9,1,200,1,1,20,20,5000,0) 
 CalcTemp22=SteinA+SteinB*LN(CalcTemp22)+SteinC*LN(CalcTemp22)*LN(CalcTe
mp22)*LN(CalcTemp22) 
 CalcTemp22=1/CalcTemp22 
 CalcTemp2=CalcTemp22-273.15 
 CallTable(TempData) 
 
 BrHalf4W (CalcTemp33,1,mV200,mV200,4,5,7,10,1,200,1,1,20,20,5000,0) 
 CalcTemp33=SteinA+SteinB*LN(CalcTemp33)+SteinC*LN(CalcTemp33)*LN(CalcTe
mp33)*LN(CalcTemp33) 
 CalcTemp33=1/CalcTemp33 
 CalcTemp3=CalcTemp33-273.15 
 CallTable(TempData) 
 
 VoltDiff (CalcHeat1,1,mV5000,4,9,True,0,10,0.001,0) 
 CumHeat1 = CumHeat1 + F * CalcHeat1 * CalcHeat1*0.05 
 CallTable(TempData) 
 VoltDiff (CalcHeat2,1,mV5000,4,11,True,0,10,0.001,0) 
 CumHeat2 = CumHeat2 + F * CalcHeat2 * CalcHeat2*0.05 
 CallTable(TempData) 
 VoltDiff (CalcHeat3,1,mV5000,4,13,True,0,10,0.001,0) 
 CumHeat3 = CumHeat3 + F * CalcHeat3 * CalcHeat3*0.05 
 CallTable(TempData) 
 
 Battery(Battery_mA,1) 
 CallTable(TempData) 
 
 Battery(Battery_V,0) 
 CallTable(TempData) 
 NextSubScan 
 
 elapsed = Timer(1000,uSec,4) 
NextScan 
PowerOff (StartTime(),14400,Sec) 
EndProg 
'***** Program End ***** 
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Appendix 4 Mathcad Program and import data for calibrating the dual probe 
needle spacing 
Following is a program has been used in Chapter 3 to calculate the apparent needle spacing 
of a dual probe in agar-stabilized water with known thermal properties. Partial of an import data 
file is attached after the program for your reference. 
Program: 
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Example of the import data obtained from the dual probe heat pulse measurement in agar 
solution: 
Time (s) 
Total heat input 
(J m-1) 
Temperature of sensor 1 
(0C) 
Temperature of sensor 2 
(0C) 
0.00 0.00 14.43 14.53 
0.05 3.34 14.43 14.53 
0.10 6.68 14.43 14.54 
0.15 10.02 14.43 14.53 
0.20 13.37 14.43 14.52 
0.25 16.71 14.43 14.52 
0.30 20.05 14.43 14.52 
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Appendix 5 Mathcad Program and import data to calculate the solid 
percentage of mature fine tailings 
Following is a program has been used in Chapter 3 to calculate the thermal properties and 
solid percentages of mature fine tailings using the dual-probe heat pulse method. This program 
can calculate data from four sensors at the same time and can be revised and extended to as many 
as you need. Partial of an import data file is attached after the program for your reference. 
Program: 
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Example of the import data 
Time (s) 
Total heat input 
(J m-1) 
Temperature increase (0C) 
Sample ID 
Sensor 1 Sensor 2 Sensor 3 Sensor 4 
0.75 0.00 0.00 0.00 0.00 0.00 1 
1.875 0.00 0.00 0.00 0.01 0.00 1 
2.875 41.62 0.00 0.00 0.01 0.00 1 
3.875 83.49 0.00 0.00 0.01 -0.01 1 
4.875 125.35 0.00 0.00 0.02 0.00 1 
5.875 167.22 0.00 0.00 0.02 0.00 1 
6.75 209.09 0.00 0.00 0.02 0.00 1 
7.75 250.95 0.00 0.00 0.01 0.00 1 
8.75 292.32 0.01 0.00 0.01 0.00 1 
9.75 334.44 0.01 0.00 0.02 0.00 1 
10.75 334.44 0.02 0.00 0.03 0.01 1 
11.75 334.44 0.03 0.01 0.03 0.02 1 
12.75 334.44 0.04 0.02 0.04 0.02 1 
13.75 334.44 0.05 0.03 0.05 0.04 1 
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Appendix 6 Mathcad Program and import data for soil thermal contact 
conductivity calculations of the single-probe heat pulse measurement 
Following is a program has been used in Chapter 5 to calculate the thermal properties of soil, 
which can calculate data from three single probes at the same time and can be revised and extended 
to as many as you need. Partial of an import data file is attached after the program for your 
reference. 
Program: 
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Example of the import data (Σq: total heat input; T: temperature; θ: water content) 
Time (s) 
Probe 1 Probe 2 Probe 3 
Σq (J m-1) T (0C) θ Σq (J m-1) T (0C) θ Σq (J m-1) T (0C) θ 
0.0 0.00 15.99 0% 0.00 16.21 0% 0.00 15.72 0% 
0.5 3.04 16.28 0% 2.97 16.59 0% 2.99 15.86 0% 
1.0 6.08 16.53 0% 5.94 16.89 0% 6.00 16.07 0% 
1.5 9.12 16.73 0% 8.91 17.10 0% 9.01 16.28 0% 
2.0 12.17 16.91 0% 11.88 17.28 0% 12.01 16.46 0% 
2.5 15.21 17.09 0% 14.86 17.45 0% 15.02 16.63 0% 
3.0 18.25 17.25 0% 17.83 17.61 0% 18.02 16.79 0% 
3.5 21.30 17.41 0% 20.80 17.76 0% 21.03 16.94 0% 
4.0 24.34 17.56 0% 23.77 17.91 0% 24.03 17.08 0% 
4.5 27.38 17.69 0% 26.74 18.03 0% 27.04 17.21 0% 
5.0 30.43 17.81 0% 29.71 18.16 0% 30.05 17.33 0% 
5.5 33.47 17.93 0% 32.68 18.27 0% 33.05 17.46 0% 
6.0 36.52 18.05 0% 35.65 18.36 0% 36.06 17.57 0% 
6.5 39.56 18.15 0% 38.62 18.49 0% 39.06 17.68 0% 
 
